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ABSTRACT 
The aim of this thesis was to develop laterally resolved measurement systems 
for analysing Metal Insulator Semiconductor (MIS)-based potentiometric 
chemical sensors. Therefore, the Light-Addressable Potentiometric Sensors 
(LAPS) principle was used to provide chemical images. Two main system 
variants were under investigation. The first was a high-resolution so called 
LAPS-Microscope suitable for life science applications such as the investigation 
of pH changes of living cells. The second was developed for the analysis of the 
gas response of alloys on large scale semiconductor samples (25x25 mm2). 
Therefore, the system was called a LAPS-Macroscope.  
The LAPS-Microscope resolution depends on the optical focus and 
semiconductor properties. To reduce the semiconductor dependent resolution, 
18 different types of samples were prepared varying the boron and carbon 
doping in thin silicon films. To analyse the LAPS resolution, different techniques 
were developed. A resolution improvement down to 3 µm compared to bulk 
silicon was achieved. 
A sputter target configuration was developed to produce ternary alloys on 
semiconductor samples with a continuous gradient in metal concentration. 
Different analysis methods such as EDX and AES were used to characterise 
the thin alloy films.  
Using the LAPS-Macroscope, the gas sensitivity of more than 106 
different alloy compositions at a single sample can be investigated. As a result, 
metal concentration differences down to 0.03% can be distinguished. Typically, 
the sensor response of 625 different alloy compositions to changes in the 
hydrogen concentration was investigated within 16 min.  
The ternary alloy system PdxNiyCo1-x-y was analysed with the LAPS-
Macroscope showing that nickel in the range up to 24 atom% reduces the 
hydrogen sensitivity. There was no significant influence of cobalt in the 
concentration range tested. Further, poisoning experiments with H2S showed 
improved behaviour of palladium alloys with nickel in the range of ~5-10 atom%. 
It was shown that an effective high-throughput method for the 
characterisation of ternary alloys was established, which is called a Continuous 
Gradient High Throughput Screening Macroscope CG-HTSM.  
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1. Introduction 
 
Semiconductors have changed our lives and the environment in an 
outstanding way. A home-based personal computer is now able to calculate 
more than 40,000,000,000 floating point operations per second. This possible 
calculation power mixed with relative low prices and availability lead to an 
omnipresent use of semiconductor-based circuits from toasters to computer 
tomography. It can now be stated that we have passed the coal age and are 
actual living in the semiconductor age. 
Beside the use in central processing units and integrated circuits, 
semiconductors are broadly used in sensors and analytics [1]. The field effect of 
semiconductors was first used by Bergveld et al. in 1972 for detection of sodium 
and hydronium ions in solutions [2]. They took a transistor, replaced the gate 
electrode and applied the potential to the gate via a reference and counter 
electrode in solution. Based on that, Ion-Sensitive Field-Effect Transistors 
(ISFETs) for many applications in biology and analysis have been described in 
the literature. 
With the beginning of the broad use of transistors starting in the early 
1960s, methods were developed to characterize semiconductors. Stevenson et 
al. [3] measured the conductance of different semiconductors after short light 
pulses. From the decay of the conductance back to normal values they could 
estimate bulk lifetime, surface recombination velocity and diffusion length of 
charge carriers. This technique is described in the literature as surface 
photovoltage. Decades later (1982), another application was proposed by 
Engström et al. [4]. A modulated laser beam was scanned over a 
semiconductor-insulator surface. Due to the laser excitement of electron-hole 
pairs an alternating photocurrent could be produced which reflected the 
properties of insulators at the position of the light spot. Hafeman et al. [5] used 
this technique in 1988 for measurements in solution for ion-sensitive chemical 
imaging purposes. He named the method Light-Addressable Potentiometric 
Sensors (LAPS). Henceforth, the technique was used as proof of principle for 
numerous sensor and analytic applications. Therefore, the development of 
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LAPS can be divided into two development areas. The first one and more often 
used LAPS design does not utilise scanning. The whole sensor area was 
illuminated by an unfocused light source to detect the ion concentration without 
using information related to the position of the measurement. The second one 
used the full possibilities of LAPS to form chemical images of the sensor area 
by scanning a focused light beam across the sensor and measuring the analyte 
concentration with respect to the position. The focus of those investigations lies 
on the improvement of the resolution that is mainly limited by the semiconductor 
properties and furthermore by the optics used. The standard semiconductor 
material silicon allows a resolution of only 100 µm when using bulk silicon 
wafers. The best resolution reported with silicon is 12 µm. This is not sufficient 
for applications on a microscopic level. 
LAPS was not only used for the potentiometric analysis of solutions, a 
few publications also describes the use of LAPS for gas sensors. So far, oxygen 
[6, 7] and more recently NOx [8] were analysed by LAPS.  
Beside those gases hydrogen is an important analyte. Hydrogen is one of 
the promising alternatives to overcome dependence on fossil fuels. It can be 
used to store clean energy because the combustion product is always water. A 
brief look through the events related to hydrogen reveals why hydrogen is not 
yet used widely as fuel for cars, for example, in 1937 the ignition of the 
Hindenburg in New York or the hydrogen explosions at the atomic power plant 
in Fukushima in 2011. Hydrogen has a lower explosion limit of ~18% and an 
upper explosion limit of 75% in air. That implies that even small leaks in 
hydrogen tanks can lead to heavy explosions. Furthermore, hydrogen as the 
smallest possible molecule is not detectable by the human body. Therefore, 
sensors are needed that give a fast and reliable indication of even small 
amounts of hydrogen in air. 
The first attempt to detect hydrogen with a field-effect structure was 
made by Lundström et al. in 1975 [9]. They used palladium as the gate metal on 
a Metal Oxide Semiconductor (MOS) field-effect transistor. Palladium beside 
other noble metals is well known to absorb and dissolve hydrogen [10]. Due to 
the absorbed hydrogen a potentiometrically detectable voltage shift at the gate 
is induced, which reflects the hydrogen concentration. Based on this method 
different hydrogen sensors were proposed [9, 11, 12]. Furthermore, it is known 
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that alloys of palladium can exhibit enhanced stability or faster diffusion of 
hydrogen within the metal lattice [13, 14]. Investigations of different alloys are 
time-consuming since for every alloy composition a single sample has to be 
produced. By suggesting the often used palladium - silver alloys starting from 
pure palladium to palladium50%/silver50% alloy, 51 samples have to be prepared 
for a one percent resolution. This is a feasible task. It is known that ternary 
alloys or even more complex mixtures of metals and palladium exhibit better 
properties than palladium itself [15, 16]. If a third metal is introduced into the 
alloy e.g. copper for palladiummax50%/silverx%/copper50%-x% and the same 
resolution is required, the workload will increase to 512 = 2601 samples. Hence, 
a complete analysis of every ternary alloy is a very time-consuming 
undertaking. 
The aim of this thesis is to develop methods of analysis of 
semiconductor-based chemical sensors. The first task is related to the 
improvement of the LAPS resolution. The second task will use the resolution 
provided by LAPS for a high throughput investigation of ternary alloys with a 
continuous gradient in metal concentration.  
 
1.1. Fundamentals 
 
In this section a brief introduction into the fundamentals is given for 
further understanding of the measurement methods and techniques. 
 
1.1.1. Semiconductors 
 
Semiconductors are substances that possess a forbidden energy gap in 
the range of a few eV between the valence band and the conduction band1. 
Therefore, a minimum energy is required to lift electrons into the conduction 
band where they can contribute to current flow. An activated electron leaves 
behind a hole within the valence band. That hole is also able to move through 
the lattice by exchanging places with surrounding valence electrons. The 
                                            
1
 Typical semiconductor posses band gaps up to 4 eV. 
21 
 
activation energy for lifting electrons into the conduction band can be supplied 
by photons or by temperature. As a result, the semiconductor shows 
temperature-dependent conductivity. For example silicon is an insulator at 0 K 
whereas it acts as a conductor above ~300°C. 
Due to dopants, the electrical properties of semiconductors can be 
changed. Introducing elements with an extra valence electron (e.g. 
phosphorous in silicon) into the semiconductor lattice, the number of free 
moving electrons increases at room temperature and hence, the conductivity. 
Therefore, the majority charge carriers are electrons and due to the extra 
electron such semiconductors are called n-doped. By introducing elements with 
a smaller number of valence electron, the number of holes increases. Hence, 
the majority of charge carriers are holes. Again due to the extra holes the 
semiconductor is named p-doped.  
If a potential is applied to a Metal-Insulator-Semiconductor (MIS) 
structure, different surface conditions can be distinguished. Assuming 
phosphorus-doped silicon (n-Si), applying a positive potential to the 
semiconductor, the surface will attract further electrons. As a result the 
concentration of electrons is increased, which is called accumulation. If the 
potential is shifted towards negative values, electrons are repelled from the 
surface building a depletion layer with the width w. This is called depletion. At 
negative potential values, holes are attracted to the surface forming an 
inversion layer. Therefore, this is called inversion.  
One important property for further capacitance consideration is the 
maximum depletion layer width wmax. The depletion layer forms at the point of 
depletion and increases until strong inversion starts. In strong inversion, the 
inversion layer shields the bulk from the electric field; hence the further increase 
of w is stopped. As a result, the maximum depletion layer width mainly depends 
on the doping concentration (see Figure 1). 
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Figure 1 Plot of the maximum depletion layer width of gallium arsenide and silicon calculated 
for T = 290 K and different doping concentrations [17]. 
 
Accumulation, depletion and inversion represent different surface states 
with respect to the charge carrier density at the semiconductor surface hence 
the capacitance varies with the applied gate bias, which is described below. 
1.1.2. Capacitance of MIS structures 
 
Generally, the capacitance is a measure of the ability of a system to store 
or separate electrical charges at a given potential. 
V
Q
C        (1) 
C is the static capacitance and describes the total charge Q at a given 
potential V. Charges in the space charge layer of semiconductors can vary 
nonlinearly with the applied bias and small signal measurements determine the 
rate of changes of charges per voltage. That differential capacitance reflects the 
surface properties and is therefore more important for surface analysis. 
dV
dQ
C         (2) 
The capacitance of a Metal-Insulator-Semiconductor structure (MIS 
structure) (see Figure 2) depends on many factors, e.g. the semiconductor 
doping concentration, temperature and the properties of the insulator-
semiconductor interface. 
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Figure 2 Schematic of an MIS structure. 
 
The total capacitance of an MIS structure can be described by two 
capacitances in series. There is the insulator capacitance CI, which can be 
calculated from the biased area A, the insulator thickness d, the permittivity of 
the insulator martial εr and the vacuum permittivity ε0. This capacitance is time-
independent and can be stated as static. 
d
A
C rI 0        (3) 
The second capacitance is the capacitance of the space charge region 
CS of the semiconductor. A small amplitude alternating voltage (AC voltage in 
the range of 10 mV), superimposed to the gate bias, can be used to analyse the 
frequency-dependent behaviour of charge carriers in the depletion layer. 
The total capacitance CT can be calculated using equation 4. The 
smallest capacitance is the dominating one. 
1
11








SI
T
CC
C       (4)  
The capacitance also varies with the type of semiconductor, the dopant 
concentration and the applied potential. Depending on which is the major 
charge carrier, electrons and holes behave differently.  
In accumulation, majority charge carriers are concentrated in the space 
charge region. The capacitance CS of the semiconductor accumulation layer is 
larger than the insulator capacitance CI. An AC signal superimposed on the 
gate bias can easily be compensated by the majority charge carriers. Therefore, 
the total capacitance CT is determined by the frequency-independent CI. 
In depletion, the space charge region in the semiconductor is depleted of 
mobile charge carriers. Due to the high resistance of the depletion layer, charge 
carriers cannot easily follow the superimposed AC signal. The AC signal can be 
compensated by increasing or decreasing the width of the depletion layer. 
Hence, the total capacitance depends on the depletion layer width and the 
ionized doping density in the depletion layer. Accordingly, the total capacitance 
is lowered. 
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In inversion, minority charge carriers are collected at the 
semiconductor/insulator interface. Therefore, the minority carriers have to 
overcome the depletion layer, which acts as a serial resistance. As a result the 
capacitance is time-dependent. A superimposed AC signal has to deal with that 
additional time constant. As long as the system has time to overcome that time 
constant, the AC signal will be compensated by minority charge carriers from 
the bulk. In silicon that happens at AC frequencies below about 10 Hz, which is 
called the Low Frequency case (LF case). Consequently, the semiconductor 
capacitance CS depends, like in accumulation, only on the insulator capacitance 
CI. At higher AC frequencies, minority charge carriers can hardly overcome the 
depletion resistance. As a result in a first approximation, only charge carriers 
within the depletion layer width can follow the AC signal. Furthermore, minority 
charge carriers generated within the inversion and depletion layer can follow the 
AC signal. But both processes are too slow to fully compensate the AC signal 
and hence the capacitance will be lowered. That is the frequency-dependent 
behaviour that is saturated at higher frequencies and therefore called the High 
Frequency case (HF case). In case of silicon, the HF case started above 
frequencies of about 1 kHz. Both HF and LF cases are shown in Figure 3 that 
depicts the capacitance versus the applied gate potential. 
 
Figure 3 High frequency and low frequency capacitance voltage curves [18]. 
 
All these above considerations deal with ideal MIS structures paying no 
attention to further surface properties or impurities. Bulk impurities, for instance, 
reduce the charge carrier mobility and the mean free path length [19]. Hence, 
the HF and LF behaviour is influenced. Since the field effect influences the 
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semiconductor surface, surface charges affect the capacitance. The 
semiconductor-insulator interface is never free of charges even under perfect 
conditions. An overview of charges at the semiconductor/insulator interface is 
shown in Figure 4. Interface-trapped (QIT) charges are located at the interface 
between the semiconductor and insulator. Due to the direct contact with the 
semiconductor, charges with the bulk can be exchanged. The charge transfer is 
potential- and time- dependent; and only interface-trapped charges within the 
band gap can exchange charges. As long as the interface-trapped charges 
follow the superimposed AC voltage, the capacitance is not modified. Whereas, 
at high frequencies a reduction in slope compared to the ideal HF-case can be 
detected (see Figure 5c). Charges in the insulator (QI) including insulator-fixed 
charges (Qf), insulator-trapped charges (Qot) and mobile ionic charges (Qm) 
have in a first approximation no electric contact to the bulk. Hence, charge 
transfer and charge reversal do not influence the LF or HF case. Due to those 
extra charges, that are added to the gate potential, the whole CV curve is 
shifted by the value of QI (see Figure 5b).  
 
Figure 4 Drawing of the charges at the semiconductor surface. Qit are interface trapped 
charges within the semiconductor-insulator interface, Qf are fixed insulator charges within the 
first nm of the insulator, Qot are fixed charges within the insulator and Qm are mobile ionic 
charges within the insulator [17]. 
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Figure 5 Capacitance of an MIS structure versus the applied gate voltage in the HF case. a) the 
theoretical CV curve without surface charges, b) CV curve shift due to charges with no electrical 
contact to the semiconductor and c) CV curve deformation because of surface charges with 
electric contact to the semiconductor (after [17]). 
 
All the above capacitance considerations apply to the non-illuminated 
semiconductor-insulator structure. Because light can activate electron-hole 
pairs, the band bending and charge distribution at the semiconductor/insulator 
interface can be affected, as described in chapter 1.1.3. 
1.1.3. Photoelectric effect  
 
Light with energy greater than the band gap can activate electrons to 
jump into the valence band, leaving holes behind. As long as no electric field is 
applied, the electron-hole pairs can diffuse freely through the potential-free bulk. 
Hence, no charge transport takes place. In an electric field, e.g. in the depletion 
layer of a MIS structure or within the p-n junction, electrons and holes are 
separated and an additional electrical potential is built up. This photoelectric 
effect is used in solar cells, Charge-Coupled Device (CCD) sensors or in 
general for light detection (e.g. photo diodes, photo transistors). 
In case of MIS structures, light has a big influence on the capacitance 
since additional charge carriers are generated in the depletion and inversion 
regimes. Consequently, the capacitance depends on the intensity of light as 
well as the area and depth of illumination. 
First, consider a light beam directed at the MIS structure through a 
transparent metal gate layer or from the back side, which illuminates the whole 
biased area: In accumulation, additional majority charge carriers have no 
influence on the capacitance since the total capacitance is already determined 
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by the insulator capacitance. In depletion, charge carriers are driven from the 
surface, hence additional electron-hole pairs have only a small influence on the 
total capacitance (as long as the light intensity is not too strong and the photo 
excited charge carriers do not exceed the doping concentration). In inversion, 
light has the biggest influence on the capacitance. In the HF case, the 
capacitance is built up by the minority charge carrier generation within the 
inversion and depletion layers [20]. Therefore, depending on the illumination 
intensity, the depletion capacitance is increased and the total capacitance is, 
like in accumulation, limited by the insulator capacitance (Figure 6). At strong 
illumination no voltage dependency is present and the insulator capacitance is 
dominating. 
 
Figure 6 Capacitance of an MIS structure against the applied gate voltage in the HF case and 
the influence of illuminating the transparent gate area. 
 
In case of inversion, the equilibrium for dark and illuminated MIS 
capacitance is different. If the light is modulated between both cases, charge 
carriers have to adjust themselves, producing a measurable current. This so-
called photocurrent can be divided into four phases: 
At the starting point, the MIS structure is not illuminated and is in 
inversion. Light is turned on and charge carriers are produced within the 
depletion layer. Charge separation occurs and minority charge carriers are 
collected in the inversion layer, whereas majority charge carriers are driven 
from the surface and may leave the semiconductor through the outer circuit and 
are collected at the front metal electrode, which produces a measurable current. 
Recombination of charge carriers at the surface or within the bulk reduces the 
measurable photocurrent (see Figure 7). 
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Figure 7 Starting point of the illumination at an n-doped semiconductor in inversion. The exited 
electron-hole pair can recombine at the surface 1 or within the bulk 2 or the holes are 
accumulated within the inversion layer whereas the electrons can leave the semiconductor 
through the ohmic contact 3, EF is the Fermi level, EI the intrinsic level and ΦB the bulk potential 
(adapted from [4]). 
 
As the charge production continues, the inversion layer contains more 
minority charge carriers shielding the bulk from the electric field. Hence, the 
depletion layer width is reduced. Therefore, carrier production is lowered until a 
steady state of production and recombination is reached. Consequently, as 
illumination continues the measurable outer circuit photocurrent declines to zero 
and the capacitor is charged (see Figure 8). 
 
Figure 8 Continuous accumulation of holes changes the band bending and lowers the depletion 
layer wide, hence the charge separation is lowered until recombination 1 and 2 and production 
is in steady state (adapted from [4]). 
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When the light is switched off, t2 charge production is stopped and 
charges are collected at the metal electrode and recombine in the inversion 
layer with each other producing an opposing current (Figure 9). That process 
continues until the starting condition is reached t4 (Figure 10). The capacitor is 
discharged. 
 
Figure 9 Illumination is stopped and the separated charge carriers recombine producing a 
reverse current 4 that discharges the inversion layer (adapted from [4]). 
 
 
Figure 10 Illumination is stopped and the discharge is finished. The semiconductor is again in 
the starting condition (adapted from [4]). 
 
With modulated light an accelerated photocurrent is generated by the 
MIS structure that can be described as a light-induced charging and discharging 
of a capacitor. Since the photocurrent is only produced in inversion and 
depletion, the amplitude of the photocurrent is reciprocal to the capacitance-
voltage curve [21]. The photocurrent versus the applied potential is 
henceforward called IV curve. 
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1.2. Light-Addressable Potentiometric Sensor (LAPS) 
 
LAPS is a sensor method to detect potentiometric surface differences on 
an unstructured planar surface. As first proposed by Engström et al. in 1982 [4] 
at MIS structures and later on by Hafeman et al. in 1988 [5] for Electrolyte-
Insulator-Semiconductor (EIS) structures, a modulated focused light beam is 
scanned laterally across the insulator-semiconductor surface. For LAPS, two 
possible illumination methods exist, the front-side and back-side illumination 
with respect to the insulator. Due to the light modulation, an AC current is 
generated, as mentioned in chapter 1.1.3. By scanning a focused light beam 
over the surface and by detecting the amplitude of that AC photocurrent, 
position-dependent potentiometric information of the sample is received. 
Therefore, the semiconductor is biased versus a reference electrode, e.g. 
Ag/AgCl, in solution at the EIS structure or by the metal contact at the MIS 
structure. The AC current is detected between the ohmic contact on the back 
side of the semiconductor and a counter electrode in solution or the metal 
contact at the MIS structure.  
The amplitude of the photocurrent depends on the applied surface 
potential in a reverse manner to the capacitance. By covering the insulator with 
an ion-sensitive layer, an additional potential is built up depending on the 
concentration of the interacting ions. That ion-sensitive potential is added to the 
initial bias and shifts the inversion and accumulation regime. Hence, the 
potentiometric information of an analyte in solution can be detected by the shift 
of change of the photocurrent voltage curve along the voltage axis.  
To increase the sensitivity of a LAPS system, a steep CV curve is useful 
since it produces a steep IV curve. Parak [21] and Gerhardt [22] did some 
theoretical investigation to improve the steepness. Since the capacitance 
depends on the doping concentration, the IV curve follows that behaviour. 
Heavy doping reduces the band bending, thus reducing the depletion layer 
width and therefore reducing the electron-hole separation. If the doping 
concentration is too high that no band bending occurs, and the total capacitance 
is restricted only by the insulator capacitance, hence no potential dependency is 
present. As a result a low doping concentration is favourable. The results of 
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Parak suggested a doping concentration of 1014 cm-3 to 1016 cm-3 (see Figure 
11).  
 
Figure 11 Simulation of the capacitance of an EIS structure for different n doping 
concentrations nD = 10
13
, 10
14
, 10
15
, 10
16
, 10
17
 and 10
18
 cm
-3
 [21]. 
 
If the doping concentration is known, the difference between insulator 
and depletion capacitance depends on the insulator thickness (see Figure 12). 
According to equation 3, thin insulators increase the static insulator 
capacitance. As the steepness depends on the difference of depletion 
capacitance and insulator capacitance, an increase of the insulator capacitance 
is favourable. Therefore, the insulator should be as thin as possible to ensure 
good steepness but thick enough to prevent insulator breakdown. Further 
investigations of Parak and Gerhardt came to the conclusion that the insulator 
thickness of several 10 nm produces a sufficiently high photocurrent without 
increasing the problem of leaking current through the insulator. If the leaking 
current can be prevented, smaller insulator thicknesses are favourable. LAPS 
measurements with 6 nm - 8 nm thick silicon dioxide insulators produced by 
anodic oxidations have been reported [23, 24].  
 
Figure 12 Simulation of the capacitance of an EIS structure for different insulator thicknesses dI 
= 5, 20, 35, 50, 65, 80 nm [21]. 
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Since the information of an analyte can be received without further 
structuring the sensor, LAPS is a very useful method for chemical imaging 
compared to ISFET-based methods. In case of ISFET’s the number of 
measurement points, and hence the resolution, depends on the gate width and 
the addressability. The possibilities of high resolution LAPS are limited by the 
optical focus spot and the semiconductor properties. 
 
1.2.1. LAPS applications 
 
Since the first description by Hafeman et al. [5] a wide range of LAPS 
applications has been investigated. The first application of a LAPS system was 
described by Libby et al. [25]. They used the LAPS technique for the detection 
of a pH shift due to the enzymatic activity of peroxidases for the detection of 
bacteria. Parce et al. [26] used the LAPS technique for the characterisation of 
online cell acidification as a parameter of cell vitality and the influence of drugs 
on the cells. Furthermore, biosensor applications were developed using 
enzyme-labelled antibody-antigen or biotin-(strept-)avidin coupling technique for 
detecting, for example DNA, acetylcholine, carbamylcholine, succinylcholine, 
suberyldicholine, nicotine and hole plasmids [27-30].  
For those measurements, a modulated light emitting diode was placed 
near the sensor structure to illuminate the whole sensor area. For the detection 
of the pH change a pH-sensing layer is needed. Most of the commonly used 
insulators such as SiO2, Si3N4 and Al2O3 have a pH sensing ability (often, the 
insulator can act as a pH sensing layer without any further treatment) [31-33]. 
That makes LAPS devices very easy to produce and handle. Furthermore, 
LAPS could be used to detect ions of nitrate, sulphate, magnesium, potassium, 
lithium, caesium and fluoride by using other ion sensitive membranes [34-37]. 
The first commercial biosensor based on a LAPS device was called 
potentiometric alternating biosensor (PAB) and was designed for fast 
acidification or redox processes [38]. 
All those LAPS applications were used without scanning of the light 
beam, because they illuminated the whole sensor area. Hence, no spatial 
resolution was desirable. By focusing and scanning the light beam over the 
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sensor area a chemical image is produced. For example, Inoue used 
immobilized urease to get a two-dimensional image of the pH value distribution 
produced by the urea conversion [39]. 
Another method for LAPS was introduced by Krause et al. [40-42]. They 
used the influence of the impedance on the IV curve for imaging purposes and 
calculation of the complex impedance as shown in Figure 13 [41]. Changes in 
impedance, due to varying insulator thickness and different probe materials or 
structure on top of the insulator, influence the insulator capacitance and the 
total measurable photocurrent. Similar to the chemical imaging a whole sample 
could be analysed by scanning the laser. Because of different measurements 
they called this method Scanning Photo-Induced Impedance Microscopy 
(SPIM). 
 
 
Figure 13 Different measure principles of LAPS system. A is the originally measured IV curve, 
B changes due to ion concentration variances shift the IV curve on the voltage axis, C different 
probe permittivities influences the maximal photocurrent (adapted from [40]). 
  
Most of the LAPS applications focused on proof of principle for detection 
methods for different analytes. Therefore, frequently a single unfocused Light 
Emitting Diode (LED) was used, because it is easy to handle, cheap and 
switchable beyond MHz2. On the other hand, for chemical imaging, it is 
favourable to have a good lateral resolution. Hence, a focused laser diode or a 
solid state laser is advantageous. 
 
                                            
2
 Not between 0 - 100% of the maximum power. High frequencies are possible between about 
10-100%. 
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1.2.2. LAPS resolution 
 
One of the big advantages of LAPS measurements is the position 
dependency by pointing the light spot to every position of interest. The 
resolution of those measurements depends on some factors that will be 
discussed now [43, 44]. 
At first, electron-hole pairs are only activated in the volume of light 
penetration within the semiconductor. Since only minority charge carriers 
contribute to the photocurrent, it is sufficient to consider only them. If an 
infinitesimal small light spot activates an electron within the field-free bulk, 
charge carriers will diffuse in every direction according to Fick’s law. In case of 
modulated light, Fick’s second time-dependent law has to be used: 
2
2
x
c
D
t
c Minor
Minor





      (5) 
where x is the position in only one dimension, DMinor is the diffusion coefficient 
and c the concentration of minority charge carriers. As the life time of the 
additional charge carriers is finite due to recombination, the average diffusion 
length L has to be included in the considerations: 
MinorMinorDL        (6) 
where  Minor is the average minority charge carrier lifetime, a spherical diffusion 
layer with radius r is formed, where additional minority charge carriers are 
present. Charge carriers that can reach the depletion region will be separated 
and are excluded from bulk diffusion. At the insulator surface, a hemisphere will 
be added to the light spot where minority charge carriers are present and 
charge separation can take place. In case of silicon, the maximum diffusion 
length can reach 1 cm. Hence, the resolution is decreased to an area of 3.14 
cm² even with an infinitesimally small light spot. 
High doping concentration reduces the charge carrier lifetime [45] due to 
the increased number of recombination spots (e.g., ionized doping atoms) and 
increased concentration of recombination partners. Hence, the diffusion length 
is lowered (Figure 14) but also the photocurrent as mentioned before.  
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Figure 14 a) Lifetime and diffusion length of n-doped silicon in dependence of the doping 
concentration (after[45]). 
 
All the above considerations deal with the case of low-level charge 
injection due to light activation. That means, that the light intensity within the 
illuminated semiconductor volume should be in the range that the additional 
minority charge carrier produced and the already existing minority charge 
carrier, do not exceed the doping concentration. In case of high-level injection, a 
lack of recombination partners is present which increases the minority carrier 
lifetime and hence the diffusion length. 
Recombination is also increased at surfaces or interfaces (e.g., insulator-
semiconductor interface). If the semiconductor thickness is reduced down to the 
range of the average diffusion length L, a recombination layer is introduced 
which lowers the diffusion and hence the resolution is improved. Calculation of 
the LAPS resolution by Parak et al. [44] showed that the average diffusion 
length can be improved by thinning the semiconductor. 
2
2
2
min
2
w
dL
dL
r 

      (7) 
where rmin is the minimum resolution radius, L is the average diffusion length, d 
the thickness of the semiconductor (excluding the thickness of the depletion 
layer wmax) and w is the radius of the illumination beam waist. If the 
semiconductor thickness exceeds the diffusion length, the minimum resolution 
is: 
Ld   
222
min 2 wLr       (8) 
If the thickness of the semiconductor d is much smaller than the diffusion 
length equation 9 becomes: 
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Ld   
22
min 2 wLdr       (9) 
This can be expanded by introducing the wavelength of the light used 
[21, 44]. If the wavelength is smaller than the semiconductor bulk thickness 
equation 10 becomes: 
Ld   and d     dr
3
42
min        (10) 
That clearly indicates that the bulk diffusion perpendicular to the surface 
should be restricted and a high energy light source should be used.  
 
1.2.2.1. LAPS-resolution measurements 
 
For the determination of the LAPS resolution different techniques have 
been described in the literature. The first one is to detect the line-space pattern 
of metal contacts on top of the insulator (see Figure 15). A focused laser is 
scanned over the line-space pattern and if the metal lines are clearly separated 
by the space regions, the resolution is estimated to be the width of the space 
region. As this method is easy to use and wide spread in the resolution  
 
 
Figure 15 a) and b) deposition of a metal line-space pattern on top of an insulator and the laser 
scanning across the gate metal. c) Schematic photocurrent signal of a semi-transparent line-
space pattern with front-side illumination. 
 
c 
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estimation in the semiconductor industry it provides easy handling. But for the 
determination of the real resolution of a LAPS system it can offer some 
problems. The point of estimating the resolution is not clearly defined. The 
photocurrent at the bias-free space region is seldom zero, due to the diffusion 
length of minority charge carriers, but can clearly be different from the biased 
metal gate region. By increasing the photocurrent contrast afterwards, even 
small differences between the line and space pattern can be distinguished. 
Another method uses the minority charge carrier diffusion length for 
estimating the resolution. An insulator-semiconductor structure is partially 
covered with a metal film (see Figure 16). The metal film is biased versus the 
semiconductor. A light beam is focused through the metal and moved laterally 
over a metal edge to the unbiased area. When focused onto the metal gate, 
light will be absorbed. If the metal is thin enough that light can pass through and 
electron-hole pairs are generated and separated in the depletion region, then a 
photocurrent is produced. If the metal is sufficiently thick to absorb all light no 
photocurrent is produced. On the other hand, if light is focused far from the 
metal-covered region no photocurrent is produced since no field is applied. 
Charge separation can take place only underneath the metal and in small 
regions at the metal edge were the depletion region is present (in the range of 
the maximum depletion layer width wmax into the uncovered insulator). If the 
focused light beam crosses the metal edge, electron-hole pairs are generated  
 
 
Figure 16 a) Resolution estimation by detection of the diffusion length of minority charge 
carriers that are activated in a region with no applied bias and diffuse to an area with a biased 
metal contact. b) Photocurrent line scan and estimation of diffusion length d of minority charge 
carriers. 
 
 
a b 
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outside the depletion region. Only charge carriers that can diffuse into the 
depletion layer can create a photocurrent. Hence, the diffusion length can be 
estimated and thus the lateral resolution. This method estimates the resolution 
by decreasing the photocurrent outside the biased region to the point where the 
photocurrent is 1/e of the maximum photocurrent at the edge of the metal 
region. Problems can occur because the potential outside the metal region is 
not clearly defined. 
To overcome this problem, a third method is described in the literature 
(first proposed by [46]). As shown in Figure 17, a silicon-insulator structure is 
covered with a thin transparent metal film. The metal film was divided into two 
parts by a 500 nm trench so that both parts are not electrically connected. Both 
parts are biased against the bulk. At only one part a 5 Hz AC voltage was 
superimposed. The laser light beam was scanned over both metal areas via the 
trench. Two in series connected lock-in amplifiers were used, one to detect the 
photocurrent at the light modulation frequency and the other for detecting the 
superimposed photocurrent at 5 Hz. When scanning the laser beam over the 
metal film with the constant bias regime, only charge carriers that diffuse to the 
region with the AC bias are detected with the second lock-in amplifier. Hence, 
the resolution of the LAPS system can be estimated. The advantage of that 
method is that the bias is well-defined at every point of measurement. 
 
 
Figure 17 Drawing of the measurement setup of the resolution measurement method by 
George [46]. 
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1.2.2.2. LAPS resolution state of the art 
 
The first resolution estimation of LAPS was carried out by Nakao et al. 
[43]. They detected a line-space pattern and received a resolution better than 
100 µm by thinning the bulk down to 100 µm and using a 633 nm laser light 
source focusing the light from the back side of the sample. Because of the 
wavelength used, only electron-hole pairs that are activated at the back side of 
the sample and diffuse to the depletion layer produced the photocurrent. Parak 
et al. [44] used a 670 nm laser diode focusing from the front side of the sample 
to detect a permanent charge pattern produced by UV irradiation with the same 
result of resolution better than 100 µm with thin semiconductor substrates. 
In another study, Nakao et al. [47] could show a resolution better than 
10 µm on a 20 µm thick silicon substrate with a near infrared laser (830 nm) and 
back-side illumination by detecting a line-space pattern. They used this LAPS 
system to recognize the pH production of Escherichia coli colonies. Ito et al. [48] 
used 0.5 µm silicon grown on a transparent sapphire substrate (Silicon on 
Sapphire, SOS) or a 0.5 µm poly-silicon grown on silicon dioxide (Silicon on 
Insulator, SOI) and a 532 nm green laser. They also reduced the sensitive area 
by thinning the insulator and introducing doping differences within the silicon 
layer. The sensor active area was limited by the thinned insulator, which was 
patterned down to 5 µm (see Figure 18). The detection of those areas was 
possible and suggested that the lateral diffusion below the µm regime is 
possible. So far, the best result was produced with silicon but in contradiction to 
the position independency of a LAPS system.  
 
Figure 18  Drawing of the substrate structure used by Ito (after [48]). 
 
Further investigations and improvements of the spatial resolution of 
LAPS focused further on reducing the diffusion length. At first, George et al. [49] 
introduced a high recombination layer near the semiconductor insulator 
interface. Therefore, they investigated differently doped n-silicon substrates and 
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an epitaxially grown silicon layer of 3 µm (4x1014 cm-3) on top of a higher doped 
silicon substrate (2x1015 cm-3) (see results in Figure 19). As mentioned above, 
higher doping concentrations (see Figure 14) and surfaces or interfaces (see 
Chapter 1.2.2.) reduce the diffusion length of minority charge carriers. As a 
result the diffusion could be reduced down to r = 15 µm with full position 
accessibility. 
 
Figure 19 Estimated LAPS resolution by the diffusion length ld of minority charge carriers with 
LAPS versus the silicon substrate resistivity [49]. The samples 1, 2 and 4-7 were uniformly 
doped n-silicon, whereas sample 3 consists of a 3 µm thin epitaxial film with lower doping 
(10 Ωcm) on top of a higher doped substrate (0.005–0.02 Ωcm). A 690 nm laser diode with 
front-side illuminate was used. 
 
A study made by Stein [50] received a diffusion length of 14 µm with a 
not clearly stated silicon substrate. Even if the material was not defined exactly 
he analysed the diffusion length of minority charge carrier with the two electrode 
method (see chapter 1.2.2.1.). Unlike George [49] who estimated the diffusion 
length at very strong inversion biases, Stein used the potential at which the 
maximum steepness of the IV curve was observed for resolution estimations. 
Moritz et al. [41] analysed the LAPS resolution at amorphous silicon, 
grown on a glass slide with thicknesses between 0.3 µm and 1.5 µm with front-
side illumination of a 640 nm laser diode. They suggested a resolution below 
the 1 µm regime. For determining the spatial resolution they used a structured 
platinum film on top of the insulator with 400 nm x 400 nm holes that could be 
recognised in order to detect the diffusion length of minority charge carriers at a 
metal edge. Problems occur with light scattering within the layers that could be 
41 
 
reduced slightly by an anti-reflection coating on the back side. Investigations of 
Krause et al. [40] and Chen et al. [24] used again SOS with a 1 µm and 0.5 µm 
thick silicon layer and received resolutions around 1 µm. So far, the best 
published result with full position accessibility is 0.8 µm achieved with the two-
photon effect at a 0.5 µm thick SOS [24]. 
 
1.2.2.3. LAPS scanning improvements 
 
Beside the mentioned advantages, LAPS has some disadvantages for 
high resolution chemical imaging. The procedure to build up a chemical image 
of the sensor is done via serial scanning of a modulated light beam across the 
surface. Since a single data point needs some time to be generated with 
reliable signal-to-noise ratio, the time for a picture of the whole surface depends 
on the number of data points and can be time-consuming. In the last decade 
some efforts were undertaken to minimise that obstacle. Qintao et al. [51] 
utilized more than one light source by using a LED array focused by two lenses 
onto the sample. All diodes were modulated at different frequencies and the 
resulting photocurrent was detected simultaneously. With a fast Fourier 
Transform Analysis (FFT) and other filters the position-depending photocurrents 
can be recalculated. Therefore, an image with a resolution depending of the 
used frequencies and LEDs can be generated in parallel (see Figure 20, where 
a 5x5 diode array was used). Wagner et al. [52-54] could measure up to 16 
measurement points simultaneously with that method. Cai et al. [55] used a 
similar technique by splitting a laser and modulating the split light by different 
chopper frequencies for chemical imaging. Hu [56] utilized the same technique 
to detect heavy metal ions simultaneously in different solutions.  
All those techniques share the same problem of getting to the refraction 
limit and producing images with limited resolution. The combination of light 
arrays and scanning techniques, to produce an alignment of single low-
resolution pictures for short time overviews of the sample, can probably 
overcome those limitations. For a proof of principle, Miyamoto [57] could 
produce a 16 x 128 pixel image within 6.4 s.  
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Figure 20 Focusing a diode array with two lenses to activate electron-hole pairs at different 
positions simultaneously with different modulation frequencies [51]. 
 
More recently, Wagner et al. [58, 59] utilized a Digital Mirror Device 
(DMD) for LAPS purposes. The DMD could address different areas of the 
sample by switching single or clusters of micro mirrors to one of the tilt 
positions. With a modulated light source, the measurement position can be 
switched on very quickly. The problem is that the modulated background light 
that is unidirectionally reflected to the sample produces a background current 
that cannot be distinguished from the measurement point. For that reason at 
least 3x3 micro mirrors are needed to produce a reliable signal. Furthermore, 
the DMD can be used to modulate the light at the position of interest by 
alternating the illumination time at the point of interest. As a result different 
 
     a           b 
       
Figure 21 Two different modulation methods based on a digital mirror device. a) The DMD is 
used to address the sample position with the modulated light. b) The DMD addresses the 
position and modulates the light [58]. 
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measurement points with different modulation frequencies can be measured 
simultaneously. The signal could be recalculated by using filters and FFT 
analysis. The modulation frequency of up to 713 Hz is restricted due to the 
DMD. Hence, a LAPS picture of 8x6 pixels is produced within 2 s. 
Even though progress has been made over recent years, high-resolution 
LAPS measurement at the refraction limit is a time consuming step because 
parallel measurements are not possible so far.  
 
1.3. Hydrogen detection 
 
Hydrogen is supposed to be one of the alternatives for reducing the oil 
addiction of the world’s economy. Beside the fact that hydrogen can be used as 
energy source e.g., for hydrogen fuel cells or as alternative fuel, the explosion 
potential in air and storage problems circumvented the extensive application of 
hydrogen, so far. Hydrogen as the smallest molecule is not detectable for the 
human senses at all. Hence, sensors are needed while handling hydrogen. A 
wide range of detection principles are research issues and only some sensors 
are commercially available. Until now, no mass-produced hydrogen sensor for 
home-use is on hand, which constrains the safe utilisation of hydrogen in 
households. Especially hydrogen fuelled cars are of immense interest for 
industry but until now no hydrogen-fuelled car is allowed to be parked in 
garages and underground car parks in Germany. 
In this section, a brief introduction to different hydrogen detection 
methods and sensor principles is given. Therefore, the special role of metals, 
especially palladium, for hydrogen detection as well as metal alloys is 
explained. Moreover, the basic hydrogen sensor layout and principle for the 
subsequently used LAPS measurements is explained. 
 
1.3.1. Hydrogen in metals 
 
Noble metals, such as palladium and platinum among others, are often 
used in hydrogen sensors and hydrogen detection methods because of their 
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unique nature to dissolve hydrogen even at room temperature within the metal 
lattice. That was first discovered and reported by Graham in 1869 for the 
solubility of hydrogen in palladium [60]. Since this discovery a lot of research 
has been done to understand that characteristic. 
All metals can dissolve hydrogen whereas the quantity and velocity is 
different from one metal to one another. The dissolution of hydrogen in metals 
can be divided into different steps: at first, hydrogen has to reach the metal 
surface via diffusion from the gas phase; second, hydrogen has to adsorb at the 
metal surface; third, hydrogen has to dissociate into atomic hydrogen and 
fourth, atomic hydrogen can enter the metal bulk and lattice from the surface. 
Within the metal lattice, atomic hydrogen occupies interstitial sites (see Figure 
22). 
    a         b 
 
Figure 22 a) Dissolving of a hydrogen molecule at a metal surface. b) Palladium lattice (blue 
balls) with absorption sites for atomic hydrogen (yellow balls) [60]. 
 
The quantity of dissolved hydrogen in metals can be very high. For 
example in magnesium, up to 101 kg/m3 can be dissolved which is much higher 
than the density of liquid hydrogen at -253 °C [61]. The total flux of hydrogen 
within a metal is limited by two processes: while the total number of 
transposition of hydrogen per second is defined as diffusion, the solubility of 
hydrogen is important, too. A metal with a limited diffusivity but with a higher 
solubility can possess a higher hydrogen flux than a metal with high diffusivity 
but limited solubility. 
The integration of hydrogen within the lattice generally increases the 
lattice intervals between the metal atoms. Therefore, dissolved hydrogen can 
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change the electric, magnetic and structural properties of the host metal. For 
instance, yttrium is metallic for atomic ratios up to 2 hydrogen atoms per yttrium 
atom, whereas yttrium becomes semi-conductive and transparent for visible 
light for atomic ratios above 2.86 [62].  
The amount of dissolved hydrogen within the lattice depends nonlinearly 
on the concentration of hydrogen in the gas phase or the partial pressure of 
hydrogen. Starting from the first dissolved hydrogen atom to the hydrogen-filled 
metal lattice, different regions can be distinguished (see Figure 23). For lower 
hydrogen concentration within the lattice, the hydrogen atoms exhibit a similar 
behaviour as for an ideal gas. This means that the hydrogen atoms do not 
recognize the presence of other hydrogen atoms. Therefore, the hydrogen 
atoms are free to move through the lattice. In case of niobium, a single 
hydrogen atom can undergo 1011-1012 transpositions per second [63]. This 
lower concentration phase is commonly known as α phase of the hydrogen-
metal system. 
 
Figure 23 Schematic isotherm of hydrogen pressure and composition of hydrogen-metal ratios 
H/M. The diagram shows the isotherm for different temperatures where the temperatures are 
green (top)>red (middle)>black (bottom) [10]. 
 
With increasing hydrogen concentration, the hydrogen atoms interact 
with each other via Van der Waals forces. Furthermore, a hydrogen atom is 
more likely to be introduced into a lattice that has already been expanded by 
hydrogen. As a result, with increasing hydrogen concentration, hydrogen atoms 
start to agglomerate. This leads to the deposition of a higher hydrogen phase 
known as the β phase. That process coexists with the α phase and leads to a 
mixed phase. With a further increase of the hydrogen concentration, the β 
phase fraction will increase until a homogenous β phase is reached. This α-β-
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transition phase is marked in the pressure-composition isotherm as a straight 
line where a small pressure increase will lead to a drastic enhancement of the 
hydrogen to metal ratio. The hydrogen partial pressure for the phase transition 
is called dissociation pressure and depends on the temperature (see Figure 23) 
and is specific for each metal. Above a critical temperature no phase transition 
occurs. In the α phase the hydrogen concentration within the metal bulk follows 
the Sieverts law: 
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is the hydrogen to metal ratio per atom,    the hydrogen partial 
pressure and    is the thermodynamic equilibrium constant: 
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Above the αmax concentration only small amounts of additional hydrogen 
are needed to increase the dissolved hydrogen concentration within the metal 
drastically. Once the β phase is reached, a greater hydrogen concentration 
within the lattice can only be achieved with a significant increase of the 
hydrogen pressure. 
As a result of the processes involved in the phase change due to 
hydrogen integration within the metal lattice, the loading and unloading of 
hydrogen show a noteworthy hysteresis. Hence, once the α-β phase transition 
is reached cracks and blistering of the metal can occur. 
 
1.3.1.1. Hydrogen in palladium 
 
Palladium plays a unique role for hydrogen sensing, because it is the 
sole metal that can be loaded and de-loaded with hydrogen at room 
temperature and remain ductile even when loaded with hydrogen. Furthermore, 
palladium is a very good catalyst for hydrogen dissociation. Three free 
neighbouring vacancies for hydrogen are needed to start the dissociation which 
has been shown to begin at temperatures of 37 K [64]. Palladium hydride and 
palladium have the same face-centred cubic lattice (f.c.c.). Therefore, palladium 
undergoes no real phase shift and the higher hydrogen phase (β phase) is 
sometimes called α’ phase. For single-crystalline palladium, the α phase ends 
at an atomic hydrogen to metal ratio of 0.008, whereas the β phase (or α’ 
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phase) starts at an atom ratio of 0.607 – both at room temperature (see Figure 
24) [14, 65]. Even though the f.c.c. structure is not changed, the lattice constant 
changes from 3.890 Å for pure palladium over 3.894 Å at αmax to 4.025 Å at βmin. 
Within the β phase the lattice constant increases steadily with the hydrogen 
concentration. The drastic lattice expansion and resulting volume change of 
       =10% lead to cracks and blistering of palladium. Enhanced effects of 
cracks and blistering as well as lift-off from supporting material occur in thin 
films of palladium because at least one relaxation dimension is missing. Within 
the α phase the temperature dependence of the hydrogen diffusion obeys 
Arrhenius’ law. For room temperature the diffusion coefficient is 4x10-7 cm2/s. 
The critical point for bulk palladium is ~300 °C at ~20 bar pressure above which 
no phase transition can be distinguished. 
 
Figure 24 Hydrogen pressure composition isotherm of palladium [65]. 
 
1.3.1.2. Hydrogen in palladium alloys 
 
Palladium alloys are of great interest for hydrogen separation and 
purification purposes since the price of the basic material can be lowered, 
undesired disadvantages can be reduced and desired advantages improved. 
Alloying pure palladium with different metals influences the chemical potential of 
hydrogen and can thereby influence the solubility. With adding of other atoms 
within the host palladium the lattice parameters are changed around the foreign 
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atom. Hence, different interstitial sites exist that can be more attractive for 
hydrogen or more unattractive depending on the foreign metal. In general, the 
solubility of hydrogen tends to increase if the palladium lattice is expanded by 
the foreign atom, e.g. silver, in contrast to contracted alloys such as nickel or 
rhodium [66, 67]. Furthermore, most alloys act similarly to pure palladium 
regarding the rapid absorption of hydrogen from the gas phase without the need 
of further activation. Moreover, palladium rich alloys show a two phase region 
below the critical temperature [68].  
A wide range of palladium alloys are currently under investigation. There 
are many possible alloys for palladium, the most common are silver, copper, 
gold, yttrium and nickel [66]. Only some of them are summarized here. 
 
1.3.1.2.1. Palladium/Silver alloys 
 
Since 1950, silver is one of the most common metals used for palladium 
alloys for hydrogen purification membranes [69]. While silver tends to increase 
the solubility of hydrogen at lower hydrogen pressures, it reduces diffusion [70]. 
Despite the fact that the diffusion is reduced the total hydrogen flux through the 
alloy is increased to a maximum of a ratio of 23 weight% - 25 weight% silver in 
palladium due to the higher solubility [13, 14] (see Table 1). For higher 
hydrogen pressures the solubility is reduced. 
 
Table 1 Hydrogen permeability for different palladium alloys at 350 °C and 20 bar [13]. 
 
Palladium/Silver [weight%] Permeability [cm3cm-2s-1] 
Pd100 1.43 
Pd80/Ag20 2.46 
Pd77/Ag23 2.48 
Pd70/Ag30 1.46 
Pd48/Ag52 0.13 
 
Increasing ratios of silver also tend to decrease the critical point for the 
phase transition (see Figure 25). As a result, above ~24 weight% silver content, 
the phase transition is eliminated even at room temperature.  
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Figure 25 Hydrogen pressure isotherms at 30 °C for different palladium/silver alloys (data 
extracted from [67]). 
 
1.3.1.2.2. Palladium/Nickel alloys 
 
Pure nickel possesses a smaller solubility for hydrogen at room 
temperature compared to palladium. A recognisable change of the hydrogen 
content and forming of Ni-H occurs only at high hydrogen pressures of 7100 bar 
[71]. The atomic radius of nickel is smaller compared to the atom radius of 
palladium. Therefore, the palladium nickel alloys belong to the contracted 
alloys. As a result, the introduction of nickel lowers the solubility of hydrogen 
and reduces the critical temperature for the α-β phase transition with increasing 
nickel content (see Figure 26). Furthermore, a slope is recognisable for the 
isotherm within the phase transition at room temperature [72-74]. The overall 
permeability is reduced for the palladium/nickel system (e.g., a Pd90Ni10 
weight% alloy has a hydrogen permeability of 0.27 cm3cm-2s-1 at 350 °C) 
compared to pure palladium (see Table 1).  
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Figure 26 Hydrogen pressure isotherms at 25 °C for different palladium/nickel alloys (data 
extracted from [72]). 
 
1.3.1.2.3. Palladium/Cobalt alloys 
 
Like nickel, cobalt possesses a smaller atomic radius than palladium. 
Hence, palladium/cobalt alloys have a contracted unit cell. As for nickel, cobalt 
decreases the solubility of hydrogen and reduces the critical temperature with 
increasing amount of cobalt (see Figure 27) [66, 68, 73, 75, 76]. So far, no data 
has been published about the permeability of hydrogen in the palladium/cobalt 
system. Since cobalt alloys show a similar behaviour like other contracted alloys 
it can be assumed that the hydrogen permeability is reduced [13]. 
 
Figure 27 Hydrogen pressure isotherms at 30 °C for different palladium/cobalt alloys (data 
extracted from [75]). 
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By comparing the dissociation pressure of the different palladium alloys 
the difference of the expanding and contracting materials can be seen (see 
Figure 28). When comparing contracting materials, cobalt shows a stronger 
effect on the dissociation pressure than nickel.  
 
Figure 28 Dissociation pressure of different palladium alloys versus alloy concentration. Red 
marked are the foreign metals which are changed. For the Pd/Ag/Ni ternary alloy the palladium 
content was kept constant (extracted out of [67, 72, 75, 77]). 
 
1.3.1.2.4. Ternary palladium alloys 
 
The workload for the investigation of ternary palladium alloys is very high. 
Therefore, only a few papers are available for ternary alloys. 
Palladium/yttrium/silver and palladium/ gadolinium/silver alloys were 
investigated and showed a two times higher solubility for hydrogen compared to 
a binary palladium76/silver24 alloy (atom%) [78, 79]. For palladium/silver/nickel 
alloys the hydrogen solubility is slightly increased for lower nickel content 
compared to binary palladium/nickel alloys [77]. Furthermore, the dissociation 
pressure is lowered compared to binary palladium/nickel alloys (probably due to 
of the silver content; see Figure 29). 
The investigation of palladium/nickel/rhodium alloys shows lower 
hydrogen solubility than pure palladium [78, 80]. For palladium/yttrium/silver 
[81], palladium/gadolinium/silver [81] and palladium/silver/ruthenium [82] alloys, 
greater hydrogen permeabilities compared to palladium and binary 
palladium76/silver24 are known. More recently, a wide range of palladium/copper 
based ternary alloys were investigated using simulations with the density 
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functional theory [83, 84]. They predicted hydrogen permeability based on 
mainly lattice expansion and contraction effects. First results on 
palladium/copper/silver alloys supported higher hydrogen permeability due to 
the addition of silver [85]. 
 
 
Figure 29 Hydrogen pressure isotherms at 30°C for different palladium/silver/nickel alloys 
(extracted from [77]). 
 
Hydrogen in ternary palladium alloys are a complex research field. So far 
only some results are published because an immense workload of 
investigations of ternary alloys needed. Even for the present data no complete 
mapping of all possible alloys has been possible, only some alloy compositions 
has been investigated. There is currently a lack of high-throughput methods for 
the characterisation of ternary alloys. 
 
1.3.1.3. Hydrogen in thin metal films 
 
Thin films are often deposited on substrate holders via different methods 
leading to different metal compositions in grain boundaries, crystallisation, 
adhesion to the substrate and related intrinsic film stress. Furthermore, metallic 
thin films have a different surface-to-bulk ratio. While during the α-β phase 
transition, a bulk metal can expand in each direction, a thin film is clamped to 
the surface and therefore, limited in expansion. Hence, surface properties, 
microstructure as well as the thickness influence the solubility of hydrogen and 
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the α-β phase transition of thin metal films. Although a lot of research has been 
done, only trends can be reported [86-88]: 
 
1) The αmax value is shifted to higher hydrogen concentration values. 
2) The βmin value is shifted to lower hydrogen concentration values. 
 
In Figure 30, the effect of palladium thin films compared to bulk palladium on 
the pressure isotherms is shown. 
 
Figure 30 Pressure isotherm of (●) full circle 300 nm palladium film, (○) open circle 50 nm 
palladium film bold line (▬) of bulk palladium at 473 K. Loading and de-loading with hydrogen is 
represented with arrows. Measured with quartz crystal microbalance [88]. 
 
1.3.2. Hydrogen detection methods 
 
A sensor is a unit that is able to detect the absolute value or the change 
of a physical unit (e.g., mass, temperature, pressure…). To detect hydrogen 
different methods were developed. In this section, only a short review of 
methods related to the measurement used in this thesis is given. A detailed 
overview of hydrogen sensors is given by Hübert et al. [89]. Hübert classified 
hydrogen sensors based on transducer and measurement principle in: acoustic, 
resistance based, catalytic, thermal conductivity, mechanical and optical 
hydrogen sensors.  
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1.3.2.1. Resistive hydrogen detection 
 
Resistive sensors are based on palladium or palladium alloys. Due to the 
introduction of hydrogen within the lattice the resistance is increased [90]. The 
highest change of resistance is obtained at the α-β phase transition because of 
the difference in resistance of palladium and palladium hydride. Problematic for 
resistance sensors is the temperature-related resistance change. That can only 
be compensated by reference structures or simultaneous temperature 
measurements.  
For thin films of palladium, another phenomenon occurs. Thin films with 
thicknesses of less than 5 nm consist of palladium islands rather than a 
complete dense film. Due to the lattice expansion the islands get in touch with 
each other hence lowering the resistance [91]. Both techniques are used to 
build hydrogen sensors in the range of several ppm to 100% of hydrogen [89]. A 
resistive sensor based on palladium/nickel alloys shows an enhanced detection 
range due to the suppression of the α-β phase transition when nickel is added 
[73, 76].  
 
1.3.2.2. Optical hydrogen detection 
 
Another way to detect hydrogen is based on the optical change of 
commonly used palladium. Therefore, different optical methods can be used. 
For example, transmission [92-94] or reflectance [95] as well as surface 
plasmon [96] or evanescent field changes [97], among others. The biggest 
change occurs again at the phase transition. For optical hydrogen sensors, 
cracks, blistering and detaching due to lattice expansion is more critical than for 
other detection methods. Again, palladium/nickel alloys are used to increase the 
hydrogen pressure for phase transition [96]. The stability of optical sensors 
could also be increased by using palladium/gold alloys [98, 99].  
 
 
55 
 
1.3.2.3. Potentiometric hydrogen detection 
 
Potentiometric sensors in general consist of a sensing electrode, which 
measures the analyte-specific potential with respect to a reference electrode 
(see Figure 31). A wider overview of potentiometric as well as other 
electrochemical hydrogen sensors is given by Korotcenkov et al. [100]. 
 
Figure 31 Schematic of a potentiometric sensor. 
 
Both electrodes are in electrical contact through the electrolyte. In 
particular, solid electrolytes like, Yttria Stabilized Zirconia (YSZ) are commonly 
used for higher temperature measurements because of their durability. For the 
potentiometric sensor, an equilibrium of the electrochemical reaction is required 
with no current flow to obtain reliable results. The main reaction for 
potentiometric hydrogen sensors is equation 13. 
          
         (13) 
There are different working principles for potentiometric hydrogen 
sensors. The hydrogen concentration cell uses a reference gas with known 
hydrogen concentration for electrode 1 and measures the unknown hydrogen 
concentration at electrode 2. The resulting concentration can be calculated 
using the Nernst equation 14. 
         
  
  
  
   
  
    
     (14) 
where E0 is the standard potential, R the universal gas constant, T the 
temperature, F the Faraday constant and pM as well as pRef are the partial 
pressure of hydrogen on both sides of the electrolyte. Commonly, the metal 
electrodes are made out of the same material to ensure equal activity. 
For most electrolytes, different reactions can proceed in parallel, for 
example in oxygen-containing gases, the following reaction influences the 
potential formation at both electrodes: 
          
           (15) 
         
         
     (16) 
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Both reactions proceed at the same time with different kinetics. As a 
result, the potential is formed due to a dynamic equilibrium. Hence, such 
sensors are called mixed potential sensors [100-102]. Due to the mixed 
potential, the sensor behaviour is non-Nernstian but commonly logarithmic with 
different slopes than predicted by the Nernstian equation [102-105]. In general, 
an electrode which favours reaction 16 over reaction 15 will give rise to a less 
Nernstian behaviour [102]. Reactions 15 and 16 can take place at the surface of 
the metal electrode or, when using porous metal films, at the triple phase 
boundary of gas-metal-(solid) electrolyte. For that case, adsorbed oxygen 
species also have to be considered (equations 17-19). 
    
 
 
       
                  (17) 
                                      
        (18) 
           
 
 
                       (19) 
Here V** is an oxygen vacancy at the solid electrolyte lattice and 
OO(YSZ) a filled one [100]. As a result, the hydrogen is not only oxidised with 
oxygen out of the gas phase (equation 19) but also by adsorbed oxygen ions 
(equation 17-18). 
The hydrogen potential formation of mixed potential sensors is not simple 
to predict due to the kinetic background. Different materials and potential 
forming processes lead to different results. Thus, the measureable hydrogen 
potential is influenced by the surface morphology, electrode material and other 
interfacial properties as well as by the solid electrolyte [100].  
 
1.3.2.4. Metal-insulator-semiconductor based hydrogen detection 
 
Field-effect structures, like transistors or capacitors can detect 
potentiometric-potential shifts at the gate electrode without the need for a 
reference electrode in gases. There are currently two explanations for the 
hydrogen-induced potential shift for MIS structures. The mixed potential 
explanation is used for a solid electrolyte layer between the gate and the 
insulator. On the other hand, if the gate metal (mostly palladium or platinum) is 
in direct contact with the insulator, a dipole formation at the metal-insulator 
interface is suspected to be responsible for the potential formation. 
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1.3.2.4.1. Metal-insulator-semiconductor 
 
A MIS-based field effect transistor was first utilised by Lundström et al. 
for hydrogen detection [9]. Beside transistors, simple MIS capacitor structures 
are also used for hydrogen detection [12]. Even though the potential formation 
is similar to potentiometric hydrogen sensors, the Lundström group proposed a 
different hydrogen-sensing mechanism [106]: Starting with the adsorption of 
hydrogen at the outer metal surface the cleaved hydrogen atoms diffuse 
through the metal forming a dipole layer at the metal-insulator interface (see 
Figure 32). Investigations of different insulators showed that the insulator side of 
the insulator-metal interface is mainly involved in the hydrogen sensitivity [107]. 
Moreover, the number of available oxygen atoms of the insulator is directly 
linked to the hydrogen sensitivity [108]. This was proven by using different 
insulators such as SiO2, Al2O3, Si3N4, and Ta2O5. Therefore, oxygen atoms on 
the insulator are assumed to offer binding sides for the hydrogen-induced dipole 
layer. Furthermore, they observed different hydrogen sensitivities by a factor of 
ten depending on the preparation of the metal film even for same 
thicknesses [109]. They reported that a non-adhesive metal film preparation 
leads to an enhanced hydrogen sensitivity compared to a more adhesive 
preparation. The explanation for such behaviour is coupled with the number of 
contact points of the metal and insulator. The more contact points exists the 
less absorption sites for hydrogen are available at the insulator. 
 
Figure 32 a) Hydrogen adsorption at an MIS structure. b) Hydrogen induced voltage shift of the 
electric characteristic of a field-effect transistor (b) and capacitor (c) (after [106, 110]). 
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1.3.2.4.2. Metal-electrolyte-insulator semiconductor 
 
The mixed potential can also be measured without a reference electrode. 
In Figure 33, one of the few published hydrogen sensitive potentiometric field-
effect devices is shown [103]. 
     a         b 
  
Figure 33 a) Mixed potential sensor based on a field-effect transistor with the proton conductor 
antimonic acid. b) Gate voltage shift for different hydrogen concentrations at 303 K (extracted 
from [103]). 
 
Since the sensor described in this thesis uses lanthanum fluoride as solid 
electrolyte a closer look at the working mechanism is required. Lanthanum 
fluoride was first used in a capacitor-based oxygen sensor [111-116]. The 
sensor layout of such sensor is shown in Figure 34. 
 
Figure 34 Sensor design for a potentiometric oxygen sensor using LaF3 as a solid electrolyte 
[111]. 
 
Based on the oxygen-sensing mechanism, later on a mechanism for hydrogen 
sensitivity at room temperature was proposed [117-120]. 
             
      
       (20) 
            
        
       
          (21) 
                       (22) 
             
             
       (23) 
59 
 
Therefore, it was assumed that oxygen absorbed at the three-phase 
boundary at binding sites A* at the LaF3 surface (equation 20) and reacts with 
water in a one-electron reaction (equation 21). The absorbed surface 
concentration of oxygen O2(A
*) is assumed to be near to saturation even for 
small oxygen concentrations. The OH- produced as a result of equation 21 is 
further stabilised by the high mobility of OH- on fluoride sites (F*) in the LaF3 
lattice (equation 22) [121]. The water formation of hydrogen and oxygen at 
catalytic metals, like platinum and palladium is well known, therefore it was 
suggested that the hydrogen reduces the surface oxygen concentration 
(equation 23) [117]. As a consequence, the sensor signals depend (as for every 
potentiometric hydrogen sensor) both on the oxygen and hydrogen 
concentration. This potential drawback for quantitative hydrogen/oxygen is 
negligible because more often the oxygen concentration is constant.  
 
1.3.3. Hydrogen and LAPS 
 
LAPS is seldom used for gas detection. There are only a few papers 
about potentiometric gas sensors in combination with LAPS [6-8]. In addition, 
LAPS was applied for so called electronic noses. Therefore, the gate consists of 
different materials or thicknesses and the response pattern is correlated with 
the analyte gases [122]. Besides that, LAPS3 was used to show some 
hydrogen-related phenomena, like hydrogen spillover [123, 124]. Another LAPS 
investigation showed the thickness dependence of the hydrogen response of a 
MIS structure [125]. Here, a continuous thickness gradient of e.g., palladium 
was established and scanned with front-side illumination along the thickness 
gradient. The signal showed a strong dependence on the thickness of the metal 
layer as well as on the history of the sample. Furthermore, the authors related 
the hydrogen sensor signal with the water production (Figure 35). At high 
hydrogen signals, low water formation was recognized and vice versa.  
                                            
3
 The group around Prof. Dr. Ingmar Lundström, University of Linköping, uses the synonym 
Scanning Light Pulse Technique (SLPT) instead of LAPS. 
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Figure 35 Signal for 2000 ppm H2 in synthetic air and the local water production (extracted from 
[125]).  
 
The literature shows that LAPS can be used to investigate different 
positions at large area gate electrodes for hydrogen response. In this thesis a 
LAPS measurement system will be developed to analyse the hydrogen 
response of continuous gradient ternary alloys.   
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2. Experiments and instrumentation 
 
2.1. Sample preparation 
 
2.1.1. High resolution LAPS samples 
 
The silicon samples were produced by IHP Microelectronics, Frankfurt 
Oder, Germany. The 8’’ wafer material was boron-doped p-type silicon with a 
conductivity of 37.5 Ωcm - 62.5 Ωcm (~2x1014 cm-3). Afterwards, three quarters 
of the wafers were surface-doped with additional boron via implantation as 
shown in Figure 36, using a shadow mask to cover untreated areas. Quarter A 
was unprocessed, no additional doping took place. Quarters B, C and D were 
doped to concentrations of 1x1014 cm-3, 1.5x1014 cm-3 and 5x1013 cm-3 followed 
by annealing.  
 
Figure 36 The additional boron doping of every quarter of the silicon wafer. 
 
The wafer front side was coated with an epitaxially grown 600 nm thick 
silicon layer (Epi Si Layer). The doping concentration of the Epi Si Layer was 
2x1014 cm-3. In addition, carbon was introduced in various concentrations within 
the first 300 nm of the epitaxial growth process (see Figure 37). Wafer 1 
contained no additional carbon. In wafers 2, 3 and 4, carbon concentrations of 
5x1018 cm-3, 2x1019 cm-3 and 8x1019 cm-3 were applied and annealed. All wafers 
were coated with 50 nm silicon nitride as insulating layer with further annealing. 
Subsequently, all wafers were thinned down to 250 µm. The wafers were 
coated with a protective resist layer and cut to the substrate size of 12x12 mm². 
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Figure 37 Overview of the p-silicon samples assembling. The bulk was additionally p-doped 
with boron at the surface. Afterwards, an epitaxially grown layer was deposited. Within the first 
300 nm different carbon concentrations were introduced. 
 
The second sample type was a highly arsenic-doped n-silicon wafer 
(1x1019 cm-3) with a resistance of 1 mΩcm - 3 mΩcm. On top of the wafer was a 
2.96 µm epitaxially grown n-doped silicon layer (3x1016 cm-3) with a resistance 
of 205 mΩcm. The 50 nm - 80 nm silicon dioxide insulator was produced by 
anodic oxidation at the Helmholtz-Zentrum Berlin by Dr. Jörg Rappich. Thinner 
<8 nm silicon dioxide layers could be produced with anodic oxidation following 
the procedure described in [23, 24]. 
The ohmic contact was established by evaporating two aluminium dots 
on the back side of the samples by using a shadow mask and electron-beam 
evaporation. Only the back side was cleaned by 10% hydrofluoric acid (CAS 
number 7664-39-3) to remove the native silicon oxide. The samples were 
cleaned in acetone (CAS number 67-64-1 semiconductor grade) for 5 minutes 
in an ultrasonic bath and isopropyl alcohol (CAS number 67-63-0). An Edwards 
Auto 500 (electron beam evaporation system) was used to evaporate the 
200 nm aluminium ohmic contact (background pressure: 3x10-4 Pa). Afterwards, 
the aluminium contact was annealed at 300 °C for 15 min. 
The gate metals were produced with different techniques. Palladium and 
palladium alloys were deposited with chamber 1 or 2 (see Chapter 2.1.2.). 
Aluminium and other gates metals were deposited via electron beam 
evaporation. The thickness was set to 10 nm - 40 nm to achieve light-
transparent gate electrodes. 
To structure of the front-side metal contact, a lift-off process was 
performed. An ink-pencil was used to protect the areas from metal coating 
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similar to a negative mask. Metal was deposited on the entire sample. By 
cleaning the samples with acetone the ink dissolved and the metal layer on top 
of the ink was removed. 
Leaking current (direct current DC through the insulator) and capacitance 
investigations were carried out with an impedance measurement unit IM6d from 
Zahner Elektrik, Germany. The PC-controlling software was Thales Flink 2.21. 
 
2.1.2. Alloy LAPS samples 
 
For LAPS hydrogen measurements, two different samples were used. 
Due to the scanning resolution at which the samples were investigated (see 
Chapter 3.2.2.), semiconductors with a diffusion length of minority charge 
carriers of 100 µm - 200 µm can be used. The properties are summarized in 
Table 2. Sample 1 was purchased from FH Aachen and sample 2 from IHP, 
Frankfurt Oder. Both samples were cut into 29x29 mm² pieces. The back-side 
contact was structured to a 1.5 mm frame around the samples to allow back-
side illumination (see Figure 38). 
 
Table 2 Substrates for large gate LAPS samples. 
 
 Sample 1 Sample 2 
Material Silicon Silicon 
Doping Phosphorus Phosphorus 
Wafer size Diameter [mm] 120 200 
Thickness d [µm] 625 725 
Resistivity [Ωcm] 5 5 
Insulator SiO2/Si2N3 SiO2/Si2N3 
Insulator thickness [nm] 75/75 25/25 
Backside ohmic contact 500 nm Al 500 nm Al 
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Figure 38 Samples for alloy investigation in front and back view as well as the sensor 
schematic. The thicknesses of the insulator and Al frame layers are presented in Table 2. The 
LaF3 layer is 150 nm thick. For the thickness of the Pd or alloy layers see chapter 3.1.2. 
 
Before coating any films on top of the insulator the samples were rinsed in 
acetone and isopropyl alcohol followed by blowing dry with nitrogen for 
cleaning. For the evaporation of lanthanum fluoride, the samples were placed 
on a shadow mask. The mask was designed to allow evaporating an area of 
27x27 mm² while the rest of the sample was shielded from undesired 
evaporation. Lanthanum fluoride granulate (CAS number 13709-38-1) 1 mm - 
3 mm was purchased from Merck. For thermal evaporation a B30 evaporation 
chamber was used. The background pressure was <1x10-3 Pa whereas the 
evaporation pressure was 1-5x10-2 Pa. For the evaporation, the sample was 
heated to > 300 °C under vacuum. The lanthanum fluoride was then thermally 
evaporated and controlled via a QCM (MSC 1842/A) to a total thickness of 
150 nm. 
For evaporation of the metals, B30 vacuum chambers were modified. 
The former thermal evaporation chambers were redesigned for sputtering. One 
chamber was used only for palladium evaporation (chamber 1), whereas the 
second chamber for co-sputtering of the alloys (chamber 2). The thickness was 
not monitored for both chambers but measured via atomic force microscopy 
after the sputtering and calibrating to the sputter current and time. The metal 
was structured via a shadow mask to an active metal area of 25x25 mm² (see 
Figure 38). Palladium was deposited in chamber 1 with a commercial 3’’ sputter 
source (PPS50 Ardenne). The sputter pressure was set to 1 Pa and the rate to 
0.5 nm/min. In chamber 2, a custom-built DC magnetron sputter arrangement 
was used for sputtering alloys. The palladium, nickel and cobalt foils (purity 
>99.95%) of 0.5 mm thickness were arranged on a target holder (2’’ diameter) 
as shown in Figure 39a. The position of the sputter source with regards to the 
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sample could be adjusted by means of an X Y table within the chamber (see 
Figure 39c). The magnet was placed underneath the sample for enhancing the 
sputter rate at lower pressure and to shield the sample for ion implantation 
(Figure 39d and e). The background pressure was <10-2 Pa while the sputter 
pressure was 10 Pa. The sputter rate was set to 0.5 nm/s - 2 nm/s depending 
on the position on the sample for the alloy sputtering (see chapter 3.1.2.).  
 
 
 
Figure 39 Drawing of a) the alloy target front side, b) the predicted alloy-gate composition, c) 
the positioning of the sputter source with respect to the sample and furthermore, the magnet, 
target and sample position in d) front and e) side view. 
 
2.1.3. Hydrogen sensitive capacitor samples 
 
The samples for capacitor-based hydrogen detection consisted of n-
silicon 5’’ wafers (phosphorous doped 1015 cm-3) with a 150 nm thick insulator 
(75 nm SiO2 and 75 nm Si3N4). For the ohmic back-side contact the wafer was 
coated with a >200 nm aluminium layer. The wafer front side was coated with 
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lanthanum fluoride to a thickness of 150 nm (same procedure as in chapter 
2.1.2). Afterwards, the wafers were cut into 5x5 mm2 samples and sputtered 
with palladium in chamber 1 under the same conditions as in chapter 2.1.2. The 
palladium dot was structured via a shadow mask to a total dot size of 4.9 mm2.  
 
 
Figure 40 Sensor layout for H2 capacitor samples. Silicon substrate with insulator (50 nm SiO2 
and 50 nm Si3N4), lanthanum fluoride (150 nm) and palladium (20 nm) layer, respectively. 
 
 
2.1.4. Energy-dispersive X-ray spectroscopy samples 
 
A scanning electron microscope (SEM) with an energy-dispersive X-ray 
detector (EDX) was used to investigate the alloy composition of the hydrogen 
LAPS samples. The samples for the EDX analysis consisted of a silicon 
substrate with a Si3N4 layer on top. The silicon samples were cut to the same 
size as the hydrogen LAPS samples and coated with a palladium alloy in 
chamber 2 (same procedure as in chapter 2.1.2.). The thickness was set to 5-6 
times the thickness of the hydrogen LAPS alloy samples. 
 
2.2. LAPS measurement systems 
 
Within this work, two LAPS systems were used. One was designed for 
high LAPS resolution and small samples, whereas the second system was 
designed for analysing the alloy samples of 29x29 mm². 
 
2.2.1. LAPS high resolution measurements 
 
For the higher resolution LAPS measurements, a setup (as shown in 
Figure 41), was built on a vibration isolating table (Physik Instrumente). The 
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LAPS system used one of two lasers for photocurrent measurements. The 
1064 nm near infrared Nd:YAG laser (LCS-DTL-021; 1-30 mW; laser Compact) 
was square wave-modulated by a chopper and a chopper controller from Oriel 
(Model 75095). The blue 405 nm laser diode was taken from different Blue-
rayTM ROM device (e.g., LiteOn iHOS104). All optics of the device carriage was 
removed and the diode was placed in a metal cover for cooling purpose. The 
highly divergent laser beam was focused into a single mode fibre (Thorlabs) 
and afterwards collimated with an aspheric lens. A custom-made diode driver 
could adjust the laser power between 0 and 100% and could modulate the light 
intensity at a given frequency. Both light sources could be brought in to the 
same optical path by a 45° cold mirror (Thorlabs critical wavelength was 
525 nm). Both lasers were mounted at the same height and parallelized with 
respect to the vibration-isolating table by two mirrors. The beam was expanded 
by a 5x beam expander and deflected by a mirror to the focusing optic. The 
focusing optic was a Zeiss microscope objective with a magnification of 50 and 
a numerical aperture (NA) of 0.8. 
 
Figure 41 Overview of the measurement setup of the LAPS-Microscope. 
 
The signal was detected by a Stanford Research Systems SR830 dual-
phase lock-in amplifier. The reference frequency for the light modulation was 
set via the internal signal clock in case of the blue laser diode or by the external 
chopper control, typically to 1 kHz.  
The position system was a three axes Nanomax TS (MAX 341 Thorlabs) 
with a minimum resolution of 0.025 µm and a maximum travelling range of 
4 mm in every direction. The positioning was divided into different steps. For 
1064 nm 
Laser 
405 nm 
Laser Diode 
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distances above 20 µm, only the step motors were used (stepper motor control 
BSC103; Thorlabs), for small distances the integrated 3 axes piezo stepper 
(NanoTrak Auto-alignment Controller BPC202; Thorlabs) could be applied. Due 
to the fact that only two piezo steppers could be controlled by the piezo driver 
only two axes were available during the measurement. The programming 
software LabView was used to write a measurement program that could handle 
the position requirements, different measurement styles and the data 
evaluation. 
For measurements without solutions, the front- and back-side contact of 
the samples were connected by a 25 µm gold bonding wire and conducting 
silver paste to a sample holder and screened via BNC cables to the external 
circuit.  
For measurements in solutions, a measuring cell was built (see Figure 
42). As the lock-in supports only a two-electrode connectivity (one to apply the 
voltage to AUX channel 1 and one to receive the answer) and a three-electrode 
arrangement has to be used, the voltage-applying wire was split by a resistor 
(15 kΩ) and capacitor (2.2 µF), to support the reference and counter electrodes. 
The reference electrode was a silver/silver chloride electrode with 1 M 
potassium chloride (Merk CAS number 7447-40-7). The counter electrode was 
a platinum mesh. The electric connection between the sample and the outer 
circuit was established via the sample holder of stainless steel and conducting 
silver paste. 
 
Figure 42 Drawing of the measurement cell for measurements in solution. The AUX out is split 
over a 15 kΩ resistance R and 2.2 µF condenser C to support reference and counter electrode. 
The sample is sealed with an O-ring. 
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Before a sample was measured with the LAPS-Microscope, the insulator 
was checked for DC leaking current. Only samples that show DC currents 
below 1 nA in the applied voltage range were further analysed. Afterwards, the 
sample was brought into the optical focus using different scans at LAPS 
contrast edges with different distances to the focusing optic. For more 
information see [126]. 
 
2.2.2. LAPS system for high throughput macroscopic alloy 
investigations 
 
The 29x29 mm² alloy samples could be analysed with a LAPS system 
based on a 1064 nm laser diode (QFLD 1060 50S fibre coupled QPhotonics, 
laser driver IP 500 Thorlabs / temperature controller 3 W TEC Controller 
Thorlabs) and a mirror system for positioning the laser (GSI Lumonics HB X-10 
with f-theta lens) (see Figure 43). The f-theta lens system provides a constant 
focus spot at the plane scan area of 99 x 99 mm². The whole system was 
placed on a vibration isolation table. The laser diode was sinusoidally 
modulated at a fixed frequency of 1 kHz. Therefore, the threshold current of the 
laser diode current-characteristic was always the minimum offset for the applied 
modulation. The laser light was collimated at the fibre end with a single aspheric 
lens and was directed in the mirror system. The actual laser power was reduced 
by neutral density filters to transmissions of 0.1% for front-side or 0.01% for 
back-side illumination, before passing the mirror system. A dual lock-in amplifier 
(SR 830 Stanford Research) was used to supply the gate potential and to 
measure the AC photocurrent. The sample holder was designed to support 
front-side and back-side illumination of the sample. The gas flow could be 
introduced in a 25x25x4 mm³ volume underneath the sample. For flow free 
measurements an outer chamber (total volume of ~340 ml = 480 ml [chamber] - 
~140 ml [sample holder]) around the sample holder could be filled with the 
measuring gas. A sealed cover glass allowed focusing of the laser onto the 
sample and sealed the chamber. The gases were mixed using mass-flow 
controllers (Red-y Vöglin ranging from 0.2  ml/min - 500 ml/min). The flow was 
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Figure 43 a) LAPS system for hydrogen detection at alloy samples. A PC was used to adjust 
the gas flow of the Mass-Flow Controller (MFC), to adjust the position of the laser spot at the 
sample and to map the lock-in-measured photocurrent amplitude at different positions. b) The 
sample holder with sample in front view. c) A more detailed view of the sample holder and 
measurement chamber arrangement. The green lines indicating the suspected gas flow in the 
outer measurement chamber. Furthermore is shown, that the gas permeable flow barrier is 
shielding the gate for direct gas flow. 
 
always set to 100 ml/min if not otherwise stated. To ensure constant gas 
concentrations at the sample, a bypass was introduced to flush the hydrogen 
line before applying another hydrogen concentration. Different hydrogen 
concentrations were established by mixing synthetic air (20.5% O2 in N2; purity 
≥99.999; hydrocarbon free; Air Liquide) with 1,000 ppm or 30,000 ppm 
hydrogen in synthetic air (Crystal Gemisch; Air Liquide, all ppm values are 
volume-based). The whole measurement system was shielded against light with 
a black box. A PC and the programming software LabView were used for 
controlling the gas flow, the position and to evaluate the results from the lock-in 
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amplifier. The LabView program was able to keep the photocurrent constant via 
a software build feedback controller (see Appendix A). 
 
2.3. Capacitor-based hydrogen measurement systems 
 
To characterize the influence of different conditions (e.g., gate thickness) 
towards the hydrogen system, capacitor-based palladium-gate samples (see 
chapter 2.1.3.) were analysed. For the measurement of the capacitance, 
different methods were applied. Single sensors were measured with a Hewlett 
Packard 4284A type LCR meter. The frequency of the 10 mV superimposed AC 
signal was set to 10 kHz. The capacitance was kept constant by means of a 
software feedback controller provided by the National Instruments software 
LabView. In addition, up to 8 sensors could be measured in parallel via a circuit, 
based on an ICM7555 timer. The Transistor-Transistor Logic (TTL) response of 
the timer reflects the possibility to charge and discharge the sensor capacity at 
a rate of up to 100,000 kHz. A triggered counter (MCC USB-4303) was used to 
read the TTL frequency and a digital/analog converter (MCC USB 3103) for 
applying the gate voltages for each sensor. Again, a LabView-based feedback 
program was set up to keep the capacitance constant. 
 
 
Figure 44 Measurement setup for the detection of H2. Up to eight sensors were measured in 
parallel using eight ICM7555 timer-based circuits (a1-a8) and a multiple counter. The TTL signal 
representing the capacitance is kept constant for each sensor by adjusting the potential. This 
was achieved using a software-based feedback controller (proportional–integral–derivative 
controller [PID controller]). 
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2.4. Alloy film analysis 
 
Different analyses were applied to investigate the alloy composition. For 
energy- dispersive X-ray spectroscopy investigations a Jeol JSM-6060 was 
used. Since EDX is not a surface-sensitive spectroscopy method, thicker alloy 
samples had to be produced. The sample alloy composition was investigated by 
analysing 25 spots of 500x500 µm2. The whole 500x500 µm2 area was scanned 
with 15 keV for 120 s. The resulting spectrum was analysed for the expected 
alloy atoms palladium, nickel, cobalt as well as other elements, like Si, N, C, 
and O. The alloy composition was achieved by comparing only palladium, nickel 
and cobalt.  
Other alloy composition analyses were performed at the Federal Institute 
for Materials Research and Testing, Germany (BAM). EDX thin film 
measurements were performed with a SEM Carl Zeiss SupraTM 40 having 
attached a Bruker XFlash 5010 SDD-EDS X-ray spectrometer. For Auger 
Electron Spectroscopy (AES) the Physical Electronics PHI 700TM Scanning 
Auger Nanoprobe was used. X-ray Photoelectron Spectroscopy (XPS) was 
performed with a VG Scientific ESCALAB 200X electron spectrometer. 
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3. Results 
 
The aim of this work was to develop a methodical measurement system 
to characterise MIS-based chemical gas sensors. Two main areas were 
investigated with two different LAPS system setups, the so-called LAPS 
Microscope and Macroscope. The LAPS-Microscope was designed to analyse 
different semiconductor substrates for improving the semiconductor based 
LAPS resolution. The hydrogen sensitivities of ternary palladium alloys were 
investigated with the LAPS-Macroscope. Consequently, a method was 
developed to produce ternary alloys with a continuous gradient in the alloy 
composition. Alloy investigation in general is a time-consuming task due the 
high amount of samples needed. With a LAPS-based analysis a distinct time-
reduction method will be presented. Based on the author knowledge this is the 
first description of a measurement system, which enables analyses of 
continuous gradient alloys with a continuous measurement method. 
 
3.1. Analysis of thin film continuous gradient alloys 
 
For the development and characterisation of the LAPS Macroscope 
different palladium-based alloying metals were considered. In the literature, 
palladium/nickel alloys are often used for hydrogen sensors, mainly for the 
reason that nickel suppresses the α-β phase transition and shows some 
improvement against poisoning with hydrogen sulphide [71-73, 76, 80, 96, 127] 
(see Chapter 1.3.1.2.2.). Since nickel tends to contract palladium alloys it was 
decided to use as second contracting metal cobalt for forming of a ternary alloy 
metal [66, 68, 75] (see Chapter 1.3.1.2.3.). The production of the continuous 
gradient ternary palladium alloy is described in detail in Chapter 2.1.2. Some of 
the following analyses emerged from an intensive cooperation with the Federal 
Institute for Materials Research and Testing (BAM) and were published in [128-
131]. 
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3.1.1. EDX analyses 
 
Different analysis methods were applied to characterise the ternary 
alloys. At first, SEM with EDX analysis was performed to estimate the alloy 
composition. The sample size with an active gate area of 25x25 mm² is too 
large for a single SEM mapping procedure. Therefore, 25 measurement spots 
of 500x500 µm² every 6 mm were measured and analysed (see Appendix C). 
Since EDX is a near surface/bulk analysis method with a penetration depth of 
up to several µm, thicker alloy films were deposited by sputtering. 
Consequently, the EDX alloy sample thickness was increased to 0.5 µm. A 
typical EDX spectrum is shown in Figure 45. 
a) 
 
 b)     c)    d) 
 
Figure 45 a) EDX spectrum at 15 keV of a nickel-rich corner of an alloy sample. Marked are the 
different recognisable elements, which were fitted. The green line is indicating the background 
(bremsstrahlung). The silicon Kα peak b), the palladium Lα peak c) as well as the cobalt Kα 
peak and the nickel Kα peak d) were used for EDX analysis. 
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From the fitting of elements and the ratio of the atom% the alloy 
composition of palladium, nickel and cobalt can be generated (see Figure 46). 
For the EDX analysis, samples without lanthanum fluoride were used, therefore, 
no lanthanum fluoride was detected. 
 
Figure 46 Alloy composition for palladium, nickel and cobalt as generated with EDX out of 25 
positions on the two alloy samples. For both samples the target position was different to change 
the alloy composition to higher Ni (EDX sample XV) and higher Co (EDX sample XVI) 
concentrations.  
 
As can be seen from Figure 46 the target metal configuration (see Figure 
39) is diffusely mirrored at the sample. The composition can be changed by 
adjusting the relative positions of sputter target and substrate (two samples are 
shown as examples in Figure 46). Three main areas with higher concentrations 
of the three metals are visible. From each metal area a continuous and non-
linear decline of the concentration is noticeable. Therefore, a continuous 
gradient is produced with the single target sputter procedure. A possible 
drawback is that due to the sputter geometry not every ternary alloy composite 
can be build. As a future task a new sputter chamber with three different sputter 
targets is currently under development. Further on, each sample will be 
presented in the same orientation (upper left corner high nickel content, upper 
right corner high cobalt content and lower area with high palladium content). 
The EDX analysis is problematic since information is received from sub-
surface ranges up to 4 µm. Therefore, EDX is not intended to analyse thin 
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samples. The alloy samples for the LAPS investigation are in the range of 
several tens of nanometers. Other investigation methods, like Auger Electron 
Spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) are surface 
sensitive. Investigation with AES and XPS showed that the surface 
concentration is similar to the concentration determined by EDX after 
preparation (see Table 3). Hence, the whole alloy layer can be assumed as 
homogeneous and the EDX analysis is suitable to determine the alloy layer 
composition. 
 
Table 3 Comparison of the EDX alloy composition results with results of Auger Electron (AES) 
and Photo Electron Spectroscopy (XPS) in atom%. 
 
 EDX AES XPS 
Pd 74.4 75.5 73.6 
Ni 20.2 19.2 20.1 
Co 5.4 5.3 6.2 
 
3.1.2. Thickness analysis 
 
At the optical observation of the thinner LAPS alloy samples a thickness 
gradient was visible. The different thicknesses were produced by the sputtering 
process and could not be obviated with the current sputtering arrangement. 
Hence, for further analysing possible thickness influences at the hydrogen 
palladium/alloy system, the thickness and thickness distribution over the sample 
had to be investigated.  
To analyse the thickness gradient different methods were used. At first, 
the gate of the thin film LAPS samples was grid structured by lithography and 
lift-off. To avoid influences of the lanthanum fluoride the sample was produced 
without lanthanum fluoride on a bare semiconductor substrate. At the cross 
sections of the established grid, the height profile was measured with Atomic 
Force Microscopy (AFM). Values of 34 nm at the palladium-rich and 108 nm at 
nickel and cobalt-rich side were measured. Hence, a thickness coefficient4 of 
                                            
4
 The thickness coefficient (dmax/dmin) in this thesis represents the difference between thin (dmin) 
and thicker (dmax) areas of the same sample. 
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~3.2 is established (see Figure 48a). Since AFM requires a lift-off procedure 
prior the height profile analysis, no actual LAPS alloy sample can be measured 
without destroying the sample. Therefore, other methods were used to 
characterise the thickness distribution. 
The second method to characterise the alloy thickness is based on the 
absorption of light. The LAPS-Macroscope is designed to measure the gate 
area with back-side illumination through the semiconductor to avoid different 
absorption of the laser light. However, by using front-side illumination the 
absorption of the laser light can be measured. Two possibilities exist to 
determine the absorption. One way is to keep the laser power constant and to 
directly measure the photocurrent at a constant potential in the inversion bias 
regime. In that case, the thickness influence according to the Beer–Lambert law 
(equation 24) is problematic:  
  
  
  
            (24) 
were I0 is the incident light (applied), I1 the transmitted light (analysed with the 
photocurrent), ε the absorption coefficient (unknown but assumed to be 
constant), c the concentration (constant) and d the thickness. Therefore, large 
photocurrent effects for small thickness differences are measured. As a result, 
thinner areas could be driven to photocurrent saturation, whereas in thicker 
areas only small photocurrents are detected.  
To overcome that obstacle, the laser power was adjusted to generate the 
same photocurrent at each measurement point on the alloy sample. That is 
applicable for smaller laser powers, where the photocurrent laser power 
dependence is far below the saturation. Therefore, the photocurrent was 
measured for different laser powers (see Figure 47).  
As can be seen in Figure 47 the photocurrent follows linearly the applied 
laser power. Hence, no photocurrent saturation is evident. Therefore, the 
method can be used to estimate the thickness gradient of alloy samples. 
According to the Beer–Lambert law, there is an exponential correlation of the 
light power and thickness. For that reason, the logarithmic laser power values 
give an overview of the thickness distribution. The results of a LAPS scan of 
625 measurement points with front-side illumination and adjusted laser power is 
shown in Figure 48b. The thickness coefficient of 4.5 is slightly higher than 
thickness coefficients measured with AFM and EDX. Assuming a minimum  
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Figure 47 Photocurrent at different laser powers, measured with the LAPS-Macroscope system 
with front-side illumination using by the 1064 nm laser diode. The laser power at the sample 
surface is in the range of µW due to a 0.1% transmission neutral density filter and ~11% 
transmission of the mirror system. 
 
thickness of 34 nm at the LAPS sample, a maximum thickness of 153 nm can 
be calculated. This method offers the only non-destructive way for analysing the 
thickness distribution of the LAPS alloy sample. On the other hand, no exact 
recalculation of the actual thickness is possible with the assumptions of a 
constant absorption coefficient for different alloys and the disregard of other 
thickness influences of the multilayer system. Hence, the method only gives an 
estimate of the thickness distribution. 
Another method to characterise the different thicknesses of the alloy 
samples is based on EDX measurements. Within the EDX analysis, each 
element was fitted; and so was silicon as the substrate. Silicon is not important 
for the metal alloy considerations, whereas it gives evidence for the actual alloy 
thickness. In case of EDX analysis, higher silicon signals are indicating lower 
thicknesses and vice versa. The method suffers from the same problem as the 
LAPS absorption thickness analysis, a constant coefficient for different alloys. 
Due to the electron beam of the EDX analysis Beer–Lambert law (equation 24) 
can be applied. By calculating the logarithm of the silicon concentration, a 
thickness distribution can be calculated. The thickness coefficient of 3.6 is in the 
range of the other methods. The thickness requirements for the EDX analysis 
are problematic. Only thick samples with thicker alloy layers, especially 
produced for the EDX analysis, will give usable information about the thickness 
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distribution. Hence, no thickness distribution of an alloy LAPS sample in contact 
with hydrogen can be analysed with EDX. On the other hand, for each alloy 
LAPS sample a special thicker EDX sample is generated to determine the alloy 
composition. Both samples are produced under the same conditions, whereas 
for the EDX sample the thickness and therefore the sputter time are extended. 
 
Figure 48 Thickness coefficient measured with different methods at samples prepared with the 
same sputter configuration. a) The AFM data were measured with 5x5 measurement points at a 
sample with a grid structured alloy film to analyse the thickness. The (to the minimum thickness) 
normalized thicknesses are shown. b) A LAPS sample was illuminated through the gate (front-
side illumination) to measure the light transmission at 25x25 measurement points. For each 
point the laser power was adjusted to establish the same photocurrent. Shown is the logarithm 
of the (to the minimum thickness) normalised laser powers. c) The EDX data 5x5 measurement 
points for silicon from chapter 3.1.1. The logarithm of the (to the minimum silicon 
concentrations) normalized silicon concentration in atom% is shown. 
 
Three different methods were used to estimate the thickness distribution 
of the alloy samples. As can be seen in Figure 48, all methods showed similar 
thickness distributions. Hence, a thickness distribution is evidenced for the alloy 
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LAPS samples. Although only the AFM analysis of specially treated LAPS 
samples gives exact results of the alloy layer thicknesses distribution, the LAPS 
and EDX thickness estimates are more practical, since both are non-
destructive. Furthermore, the LAPS-based thickness estimate is the only 
possibility for analysing the thickness distribution if the sample is in contact with 
hydrogen at the same time.  
Additionally, each of the thickness measurement methods needed 
different scanning times for the whole sample. The AFM-based thickness 
estimate required up to two days for measuring 5x5 positions on the sample. 
Due to the integration time of more than 2 min for each data point, the EDX-
based thickness measurement took 2 hours for 5x5 data points. On the other 
hand, 25x25 data points were analysed with the LAPS-based thickness 
estimate in less than 30 min. Therefore, the LAPS based method is more 
comprehensive, since more measurement points can be analysed within shorter 
times. 
3.1.3. Alloy film morphology 
 
Previously, no information about the structure of the alloy film was 
available. Earlier investigations of an analogous Pt/LaF3 oxygen sensor 
suggested a porous metal film structure [111]. From the sputter conditions with 
a sputter pressure above 1 Pa at ~293 K, a porous metal film structure can be 
assumed. After Thornton‘s zone structure model the deposition can be 
classified into Zone 1 “tapered crystals with domed tops, which are separated 
by voided boundaries” [132]. Hence, the alloy film morphology was investigated 
with SEM (see Figure 49).  
As can be seen from a cross section of a LAPS sensor (see Figure 49a), 
the alloy film is polycrystalline. As expected the domed and separated cone 
structure is recognisable. The lanthanum fluoride layer is polycrystalline too but 
denser packed. That was proven earlier by reflection high energy electron 
diffraction RHEED analyses [111]. In Figure 49b, the surface of the freshly 
prepared alloy layer is shown. The visible cracks indicate that the alloy film is 
porous enough that gases such as oxygen or hydrogen can reach the three-
phase boundary lanthanum fluoride/metal/gas (see Chapter 1.3.2.4.2.).  
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   a               b 
Figure 49 a) SEM image of a cross section of a LAPS sample. b) Top view of the alloy 
structure. 
 
To further confirm the supposed porous structure, the hydrogen 
resistance change of a palladium layer sputtered at the same conditions as the 
alloy samples was investigated (palladium was sputtered in chamber 1 on a 
semiconductor/insulator substrate without lanthanum fluoride). Due to the 
commercial sputter source, a thickness gradient of smaller than 10% was 
achieved. The resistance change was measured with the LCR meter between 
four contact points (one at each corner) of a LAPS-similar sample (see Figure 
50). For the experiment, a palladium thin film was deposited on a Si3N4 covered 
silicon sample (same sample substrate as used for the EDX measurements see 
Chapter 2.1.4.). The resistance change was measured between the left and 
right sides of the sample (see Figure 50a insert). As a result, the effective 
palladium length was in the range of 25 mm. 
 
Figure 50 a) Resistance change at a palladium thin film deposited on a Si3N4/Si substrate for 
different hydrogen concentrations. The insert shows the contact arrangement on a LAPS size 
sample b) Normalised hydrogen dependent resistance, each point represents the average of 
four measurements. 
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From Figure 50, it can be seen that the resistance decreased with 
increasing hydrogen concentration and therefore, changed in the opposite 
direction than expected for a palladium bulk [73, 76, 90]. On the other hand, 
such results are consistent with very thin palladium films. Such thin films consist 
out of palladium islands rather than a closed metal film. The palladium lattice 
will expand with hydrogen partial pressure, resulting in more contact areas 
between the palladium islands. As a result, the resistance is lowered [89, 91]. 
Hence, evidence for void areas between the palladium cones is found. 
Therefore, the metal film is not closed packed leaving space for gas diffusion to 
the three-phase boundary. It should be mentioned that a hysteresis was found 
for the resistance measurements. Once hydrogen was applied, the start 
resistance was not reached again. 
In summary, for the morphology investigations, two different methods 
were used. The SEM analyses unveiled a domed and bordered metal cone 
structure. From the resistance analyses evidence of void areas within the metal 
film was found, which can be explained by a porous metal structure.  
 
3.2. LAPS systems 
 
3.2.1. LAPS-Microscope 
 
LAPS offers the possibility to analyse the potentiometric influences at the 
point of interest. As stated earlier (see Chapter 1.2.2.) the resolution depends 
on the diffusion length of minority charge carriers and on the focus spot size. 
Therefore, the resolution will be determined by the semiconductor substrate, the 
wavelength of the modulated light source and the optical equipment. For 
analysing continuous alloy transitions a high LAPS resolution enables greater 
number and more precise alloy investigations. For that reason, the optical spot 
size and different semiconductor structures were analysed for the improvement 
of the LAPS resolution. Since high resolution is required for the LAPS resolution 
measurements an appropriated LAPS system was build up and called LAPS-
Microscope (see Chapter 2.2.1.). 
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3.2.1.1. Optical resolution 
The optical spot size is the limiting parameter of the LAPS resolution, 
since the diffusion length of minority charge carriers can only worsen the 
resolution. Therefore, a small focus spot is required. To determine the actual 
spot size a method described by Moritz et al. was applied [41, 133]. The 
photocurrent of a light beam driven over a biased area covered with two 
different metal thicknesses produces the simple integration of the beam profile 
and the metal edge (see Figure 51). Therefore, a sample was covered with two 
different metal thicknesses via sputtering and lithography. The sample was 
scanned perpendicularly to the absorption edge. The resulting line scan was 
differentiated and Gaussian-fitted. The amount of photocurrent generated by 
minority charge carrier diffusion outside of the focus spot is constant and can 
therefore, be neglected.  
 
Figure 51 a) Scanning a laser over an absorption edge with a LAPS system at front-side 
illumination.  
b) The resulting photocurrent from a). No photocurrent is produced in areas with total 
absorption, whereas a photocurrent is produced in areas with less absorption. 
 
The expected minimum focus spot for the microscope objective can be 
calculated using the Rayleigh  
     
   
     
     
     (25) 
or the Sparrow criterion. 
         
     
     
     (26) 
where λ is the wavelength, n the refractive index and Θ the maximum angle of 
light produced by the focussing lens. Hence, the expected values according to 
the Sparrow criterion for 1064 nm and 405 nm are 678 nm and 258 nm at Full 
Width at Half Maximum (FWHM) respectively. 
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The beam was scanned over the metal edges and the resulting 
photocurrent response is shown in Figure 52 and Figure 53. As can be seen, 
the 405 nm laser diode and the 1064 nm laser produced a larger beam waist 
than expected. The FWHM spot size achieved for the 405 nm diode was 1.2 µm 
and 2.1 µm for the 1064 nm solid-state laser. The calculated values and 
measured values differ by a factor of 4.7 more for the 405 nm laser diode 
compared to 3.1 for the 1064 nm solid-state laser. That can be explained by the 
quality of the laser beam. The 405 nm diode produced a highly divergent beam 
that is not radially symmetrical in contrast to the 1064 nm solid-state laser. 
Furthermore, the lift-off process may produce a non-abrupt absorption edge. 
 
Figure 52 Scan of the 405 nm laser over an absorption edge via front-side illumination using 
the microscopic optic with a NA of 0.8. The red dots and red curve are indicating the first 
derivation of the photocurrent curve and the Gaussian fit respectively. 
 
Figure 53 Scan of the 1064 nm laser over an absorption edge via front-side illumination using 
the microscopic optic with a NA of 0.8. The red dots and red curve are indicating the first 
derivation of the photocurrent curve and the Gaussian fit respectively. 
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3.2.1.2. Semiconductor-based resolution 
 
The LAPS resolution is influenced by the optical spot size and 
semiconductor-based minority charge carrier diffusion length. By knowing the 
optical spot size the diffusion length can be measured. Therefore, a method 
described in section 1.2.2.1. was used, where a laser beam is scanned from the 
biased gate metal towards the unbiased insulator.  
To reduce the minority charge carrier diffusion, different techniques can 
be applied (see also Chapter 1.2.2.2.). A highly doped silicon substrate with a 
lower doped thin silicon layer on top was investigated. Due to that assembly a 
high recombination band at the interface is introduced to catch minority charge 
carriers from the bulk before reaching the depletion layer.  
The sample preparation started with increased doping of the 
semiconductor surface with an additionally boron-implantation. Furthermore, a 
lower doped p-silicon layer was grown epitaxially on top of the surface (see 
Figure 54). To investigate the effect of this diffusion barrier, different boron 
doping concentrations were used. 
 
 
Figure 54 Schematic of the sample based on a higher doped bulk silicon with a lower doped 
epitaxial grown layer on top. The diffusion of activated minority charge carriers (green arrows) 
within the epitaxial layer is restricted because of the recombination band at the epitaxial layer-
bulk interface. The diffusion within the epitaxial layer is larger because of the lower boron 
doping concentration. 
 
To further reduce the diffusion length, parts of the epitaxial layer were, 
moreover, doped with carbon. Carbon-doping (in the lower concentration 
regime <1 atom% C in Si) can reduce the band gap in silicon, as can be seen in 
Figure 55a [134, 135]. Consequently, a higher recombination can be expected, 
which could result in better LAPS resolutions. 
86 
 
 
Figure 55 a) Band alignment in the (001) crystal direction of a silicon-silicon/carbon alloy (with 
1.6 atom% carbon) interface [134]. b) Schematic drawing of the sample assembling as in Figure 
54, but the epitaxial layer was additionally doped with carbon to further reduce the diffusion 
length. 
 
As a result of the theoretical considerations, 16 different samples were 
produced with respect to the boron and carbon doping (see Chapter 2.1.1. and 
Table 4). 
Table 4 List of different p-silicon samples prepared for improving LAPS resolution. 
 
Sample name Additional boron 
doping  
[cm-3] 
Additional carbon 
doping within the 
epitaxial layer 
[cm-3] 
Best measured 
resolution  
[µm] 
1a 0 0 not measurable 
1b 1x1014 0 6.5 
1c 1.5x1013 0 11 
1d 5x1013 0 4.0 
2a 0 5x1018 not measurable 
2b 1x1014 5x1018 20 
2c 1.5x1013 5x1018 6.9 
2d 5x1013 5x1018 10 
3a 0 2x1019 3.7 
3b 1x1014 2x1019 6.1 
3c 1.5x1013 2x1019 2.6 
3d 5x1013 2x1019 5.9 
4a 0 8x1019 3.6 
4b 1x1014 8x1019 14.1 
4c 1.5x1013 8x1019 14.6 
4d 5x1013 8x1019 17.3 
 
3.2.1.2.1. Carbon influence 
 
First, the influence of the carbon doping was investigated. Therefore, 
samples with only the bulk-boron doping and without a high boron diffusion 
barrier (quarter 1a, 2a, 3a and 4a; see Table 4) were used. The samples 
showed a rather unexpected behaviour independent of the carbon 
concentration. Within the unbiased insulator areas, the photocurrent was rather 
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constant and did not decline to 0 nA, even at positions >2 mm outside of the 
biased region (see Figure 56). 
 
 
Figure 56 a) Sample 2a17 with additional carbon-doping but without additional boron-doping 
within the epitaxial layer, at strong inversion with front-side illumination, using the 405 nm laser 
diode (1 V vs. bulk), with 100 µm scan resolution. One gate metal stripe is biased against the 
bulk. b) Line scan in y direction as red indicated in a) scanned again with a 5 µm resolution. 
 
Such behaviour can be explained in different ways: The minority charge carriers 
(in p-silicon electrons) can be trapped within the epitaxial layer. Insufficient 
recombination partners within the epitaxial layer lead to a greater diffusion 
length. As a result, a photocurrent outside the biased regions could be 
produced. Another explanation is that due to surface properties, the applied 
voltage at the metal contact is widespread over the insulator. Holmberg et al. 
could show that, due to hydrogen spillover, the conductance of the insulator 
surface is modified [123]. Hence, the gate potential is widespread over the 
insulator, although, they did not receive such strong effects of several mm. 
Another possible origin of a constant photocurrent outside of the biased gate is 
a depletion layer within the semiconductor. Similar to photo diodes or solar 
cells, a buried p-n junction within the semiconductor can be built at interfaces of 
differently doped regions. Such depletion layers (not underneath the gate 
contact) are independent of the applied gate bias and can lead to charge 
separation and hence, to a measurable photocurrent. Three different interfaces 
exist within the samples that can probably produce such depletion layers; the 
interface between bulk and epitaxial layer, the interface between the carbon-
doped and not carbon-doped epitaxial layer and furthermore, the interface at 
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the insulator. That behaviour exists independently of the carbon concentration 
and even if no carbon is introduced. Hence, only the insulator-epitaxial interface 
and the bulk-epitaxial interface remain. Only a very strong charge concentration 
within the insulator can produce a permanent inversion and that would be 
recognisable in the IV and CV curves. Therefore, only the bulk-epitaxial layer 
interface is left for forming a permanent depletion layer. Since the p-doping 
concentrations of the bulk and the epitaxial layers are equal, no depletion layer 
should exist.  
None of the three possible explanations could be further proved or 
disproved. Hence, the origin of the photocurrent is unknown. Nevertheless, the 
carbon-doping was added to enhance the recombination rate of electron-hole 
pairs and therefore, improve the LAPS resolution by introducing a diffusion 
barrier. The analysis of the different carbon-doping concentrations without 
additional diffusion barrier (formed by a higher boron-doping) revealed no 
reduction of the diffusion length of minority charge carriers and hence, no 
improvement of the LAPS resolution. As a result, it can be postulated that, 
within the concentration range used, an additional carbon-doped layer cannot 
improve the LAPS resolution. Probably higher carbon-doping can increase the 
recombination in bulk direction and thus improve the LAPS resolution. 
 
3.2.1.2.2. Boron influence 
 
None of the  other p-silicon samples with boron diffusion barrier showed 
the omnipresent photocurrent outside of the biased gate area; whereas, the 
determination of the diffusion length was difficult because a different 
phenomenon was detected. Most samples showed a so-called aura effect. 
From a single or from different points on the sample, a high photocurrent could 
be detected outside the biased area that asymmetrically declined (see Figure 
57). Hence, some parts of the samples showed a reduction of the diffusion 
length, whereas in other areas, no diffusion length could be estimated. The 
origin of the photocurrent outside of the biased gate can only be suggested (see 
Chapter 3.2.1.2.1.) 
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Figure 57 a) Sample 3d11 with additional carbon-doping and additional boron-doping within the 
epitaxial layer, at strong inversion with front-side illumination, using the 405 nm laser diode (3 V 
vs. bulk), with 200 µm scan resolution. Two crossing metal stripes are biased against the bulk. 
b) Line scan in y direction as red indicated in a) scanned again with 1 µm resolution. The insert 
shows a closer look at the metal edge region. 
 
The interpretation of the diffusion length measured is difficult. Even at a 
single sample, area-depending diffusion lengths of <20 µm (a minimum 
diffusion length of 4 µm was measured in Figure 57b) and >100 µm could be 
measured. As a result, no final diffusion length and therefore, no LAPS 
resolution can be reported. Due to the high variability of the diffusion length 
results and additional bad reproducibility, no correlation of carbon- and boron-
doping with the resolution can be reported. Even though no improved LAPS 
resolution can be reported, the best results from 22 samples are 8.1 µm ± 5 µm 
(neglecting the different doping combinations).  
 
3.2.1.2.3. Highly doped bulk silicon 
 
For the second type of samples, highly doped n-silicon, also produced no 
repeatable results but for other reasons. The samples showed problems with 
the SiO2 insulator and as a result of that low quality IV curves.  
Since the samples were delivered without an insulator, different methods 
and techniques were used to establish DC current-free insulators. Only the wet 
anodic oxidation showed a sufficient DC current stability [23, 24]. Due to the thin 
insulator it was decided to keep the gate voltage in the range of only -2 V to 2 V 
to prevent electrical breakdown. A direct result out of that decision was a low 
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photocurrent with 0.02 nA to 1.8 nA and no typical IV curve within the applied 
voltage range (see Figure 58).  
 
Figure 58 IV curve of an n-silicon sample with highly doped bulk. 
 
Figure 59a shows an image of a 2D scan of a biased grid pattern with 
bars of 50 µm wide and <20 nm thick gold on top of the insulator. The results 
can only suggest resolutions in the 10 µm range (see Figure 59b). 
 
Figure 59 a) n-silicon sample EpiSi2 with highly doped bulk and epitaxial layer at strong 
inversion with front-side illumination using the 405 nm laser (-0.5 V vs. bulk), with 5 µm scan 
resolution. b) Line scan in x direction as red indicated in a). 
 
The results of Chapters 3.2.1.2.1. to 3.2.1.2.3. indicate problems that are 
related to the unknown bias situation at the bare insulator areas. So far, only 
suggestions of a LAPS resolution down to ~10 µm are possible. 
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3.2.1.2.4. Diffusion length estimations with electrolyte contact 
 
The problems of undefined bias situation at the unbiased insulator can be 
probably overcome with biasing the whole sample in measurements in solution. 
Therefore, the samples were mounted within a measurement chamber and the 
front side was biased via a reference electrode in solution against the bulk. Due 
to the electrolyte measurement cell only back-side illumination with the infrared 
laser could be used. 
 
3.2.1.2.4.a Aluminium layer 
 
First, thin aluminium films were evaporated on the insulator. Due to the 
different work function and the possible redox potential within the solution, 
aluminium should produce a different potential to the rest of the insulator. This 
difference was used as a contrast for estimating the LAPS resolution.  
As expected, the aluminium film produced a different voltage situation in 
the solution. The measured differences of the IV cures with and without 
aluminium were in the range of 1 V - 2 V in standard buffer and differed from 
sample to sample. The bump at the aluminium curve (Figure 60b, green curve) 
occurs for each sample but at different heights. The origin of such behaviour 
can be related to a porous aluminium layer. If even small uncovered insulator 
areas are present within the aluminium layer (below the focus spot size <1 µm), 
the IV curve measured will be a mixture of aluminium-covered and uncovered 
insulator areas. 
  
a b 
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Figure 60 a) Sample 2d10 with an aluminium strip on top of the insulator with boron diffusion 
barrier and additional carbon doping at strong inversion with back-side illumination in standard 
buffer solution using the 1064 nm laser (0.5 V vs. bulk), with a scan resolution of 200 µm. b) 
Line scan from uncovered insulator area to aluminium-covered area at back-side illumination for 
the sample in a) at 0.5 V with a scan-resolution of 1 µm. c) IV curves at different positions. The 
red curve is performed at uncovered insulator structures and the black curve with an aluminium 
layer on top of the insulator. The part of the curve, which indicates a porous aluminium layer, is 
marked with green. 
 
Because of back-side illumination, the optical resolution and the diffusion 
length of minority charge carriers cannot be analysed individually. 
Consequently, the total resolution of the LAPS system is measured. As can be 
seen in Figure 60b, the resolution estimated in solution is in the range of several 
100 µm. That might be related to the high voltage difference between both 
areas. The additional 2 V potential difference of the aluminium area has to be 
overcome within less than 1 µm at the metal edge to the insulator. That 
potential difference is probably too great to receive sharp edges. Spherical 
aberration may also be a problem, especially for focusing within the silicon. An 
additional problem was the electrochemical dissolution of aluminium in less than 
8 h. Hence, the samples could be measured only once with electrolyte contact. 
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3.2.1.2.4.b Lanthanum fluoride layer 
 
Due to the problems with the aluminium film, lanthanum fluoride was used to 
produce a measurable contrast without aluminium. Lanthanum fluoride is an 
excellent ion conductor, which can act as a fluoride-sensitive layer and is stable 
in solution (dissolution rate of 4x10-14 mol∙cm-2) [37, 112, 121]. Figure 61a 
shows a chemical image of a lanthanum fluoride strip produced by a shadow 
mask during deposition. The shift of the IV curve between lanthanum fluoride-
covered and uncovered areas was 760 mV in standard buffer and therefore, 
smaller than for the aluminium (see Figure 61b). Furthermore, both IV curves 
have nearly the same shape indicating that the lanthanum fluoride film is less 
porous than the aluminium layer. 
 
 
Figure 61 a) Sample 3d20 with a stripe of lanthanum fluoride on top of the insulator, with boron 
diffusion barrier and additional carbon-doping at strong inversion with back-side illumination in 
standard buffer solution using the 1064 nm laser (-0.3 V vs. bulk), with 200 µm scan resolution. 
b) IV curve of the p-silicon sample at different positions. The red curve is performed at 
uncovered insulator structures and the black curve with lanthanum fluoride layer on top of the 
insulator. 
 
For further investigations, a scan with the constant current mode was 
produced. Therefore, the potential for each measurement spot was adjusted to 
produce a photocurrent of 30 nA. As can be seen in Figure 62a, the lanthanum 
fluoride layer produces a constant voltage shift of >700 mV compared to the 
bare insulator.  
 
a b 
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Figure 62 a) Same sample as in figure 61 with a stripe of lanthanum fluoride on top of the 
insulator, with boron diffusion barrier and additional carbon doping produced by using the 
constant current mode. The potential for a current of 30 nA is displayed, measured with back-
side illumination in standard buffer solution using the 1064 nm laser. b) Scan with constant 
voltage at 0.8 V of the same sample. c) Same scan as in b) at -0.3 V. 
 
Furthermore can be noticed, that the maximum photocurrents for 
lanthanum fluoride and bare insulator in strong inversion (starting at 0.8 V see 
Figure 61b) differ only by a few nA. Differences at the maximum photocurrent 
are typically related to different voltage drops due to different permittivities. If 
the bias is adjusted to voltages where the whole sample is in strong inversion, 
the differences in impedance influence the photocurrent5. Therefore, a 2D scan 
with higher resolution was produced at 0.8 V and compared with the same area 
at -0.3 V (see Figure 62b und 62c). 
                                            
5
 The measure principle of SPIM [33]. 
b c 
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Figure 63 IV curves of the sample 3d20 at different y positions as indicated by the red line in 
Figure 62a. 
 
The impedance can be assumed to be higher on the lanthanum fluoride 
film, which is recognisable by the lower photocurrent. The scan at 0.8 V 
indicates that the sample was at the correct focus distance because the visible 
edge between both areas could be determined to be below 40 µm. That would 
indicate that the LAPS resolutions was in the range of <40 µm. It has to be 
mentioned that the high noise level of the sample lead to problems with 
focusing. As can be seen in Figure 62b at 0.8 V, the photocurrent difference 
between lanthanum fluoride and the bare insulator was only 4 nA. Therefore, 
and because of the unknown diffusion length of minority charge carriers, it could 
be possible that the focus spot for back-side illumination is much smaller. In 
contrast, the resolution was in the range of several 100 µm for -0.3 V. Hence, 
the estimate of the LAPS resolution depends strongly on the applied bias. 
Figure 63 shows several IV curves at different points in the changeover region. 
By comparing the point of inflexion of the IV curves at the crossover point from 
insulator to lanthanum fluoride one can see, that there is an area range of 
nearly 1 mm, were both structures influence the photocurrent. As a result, only 
strong inversion biases are useful for estimating the diffusion length in solution. 
That is in contrast to the results of Stein [50] who used the point of inflexion to 
estimate the diffusion length and consistent with the experiments of George et 
al. [49]. It has to be mentioned that none of these authors used electrolyte 
contact. 
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3.2.1.2.4.c Photoresist layer 
 
Since the impedance effect showed promising results it was decided to produce 
impedance differences on purpose. That was suggested and used to estimate 
the SPIM and LAPS resolution estimations with back-side illumination by Chen 
et al. [24]. Therefore, a photoresist (SU-8 2000.5 resist) was patterned on the 
insulator and measured in standard buffer. As expected, the resist lowered the 
photocurrent in the IV curve at strong inversion (see Figure 64). The 
photocurrent was ~10 nA lower in the resist-covered area and showed no 
additional potential shift. The lowering of the inversion photocurrent was due to 
the increased impedance. If reflection of the light at the photoresist occurred, 
  
 
Figure 64 a) LAPS image of sample 2c19 at 0.8 V vs. bulk with patterned photoresist on top of 
the insulator, measured in strong inversion in standard buffer solution with back-side 
illumination with a 1064 nm laser. b) IV curves measured at bare and resist covered insulator 
areas. c) Average out of ten line scans from the resist covered area towards the bare insulator 
region. The differentiated photocurrent curve and the fitted line scan for estimation of the LAPS 
resolution are shown in red (at 1/e indicated by the red arrow). 
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then the inversion photocurrent should be greater in the photoresist-covered 
area, due to the enhanced photon flux. Hence, a measureable contrast is 
established, which, then the in first approximation, is not influenced by optic 
phenomena. Again, as for the lanthanum fluoride, the signal of 10 nA is hard to 
measure with the existing noise levels. To produce reliable results, the resist 
edge was scanned ten times, aligned and differentiated (see Figure 64c). 
Results from these measurements indicate a LAPS resolution in the range of 
20 µm - 30 µm.  
So far, more than 100 samples were prepared and investigated. Conclusions 
from the LAPS resolution estimates are: 
 
-  An optical resolution down to 1.2 µm is possible. 
- The semiconductor resolution is in the range of <20  µm - 40 µm for  
   p-silicon and n-silicon, best measured value 2.6 µm. 
- No LAPS resolution correlation with the different carbon and boron  
   doping  levels could be found with p-silicon. 
 
Therefore, no improvement of the LAPS resolution was found for the 
semiconductors investigated compared with literature. The measurable 
decrease in the diffusion length down to 3 µm - 8 µm cannot be reproduced due 
to the aura effect and therefore, not be claimed as a final result. The aura effect 
can be related to the unknown bias situation on the bare insulator. Hence, 
LAPS resolution experiments were carried out with back-side illumination and 
solution contact. From these experiments, it can be assumed, that the potential 
differences at the point of inflexion between aluminium-insulator/bare-insulator 
and lanthanum fluoride-insulator/bare-insulator were too large to obtain sharp 
edges in chemical images. Only impedance effects lead to LAPS resolution 
estimates of 20 µm- 40 µm for back-side illumination. Therefore, compared to 
bulk silicon with LAPS resolutions of up to 100 µm an improved LAPS resolution 
can be reported. Whereas, no improvement of the best reported values of 
0.8 µm with SOS [24] was achieved.  
Even though the resolution could not be reduced to the 1 µm range, it will 
be shown later on that the resolution achieved is sufficient for a high throughput 
screening of alloys with the LAPS-Macroscope.  
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3.2.2. LAPS-Macroscope  
 
The LAPS-Microscope system has been dealing with investigations of 
different substrates to obtain the best resolution for LAPS. The aim of the 
LAPS-Macroscope is to investigate chemical sensor responses of continuous 
gradient alloys at large LAPS samples. Therefore, a high resolution substrate 
enables the analysis of more separated positions and hence, more and detailed 
alloy compositions.  
One of the first tasks was to develop a LAPS system that can handle 
large areas scans fast and with high optical resolution. A motorized positioning 
system as used in Chapter 3.2.1 would show disadvantages, e.g., large 
measurement times due to slow motor movements. Therefore, a different 
positioning system was built. The system uses two piezo-driven mirrors to scan 
the laser beam across the sample. Hence, every position at a sample can be 
reached within less than 7 ms. Typical position steps are in the range of <1 mm, 
which can be reached in less than 1 ms. A special lens (f-theta) was used to 
keep the focus at planar level. The system itself is described in detail in Chapter 
2.2.2. and is able to measure large areas of 99x99 mm2 with a resolution down 
to 15 µm (spot diameter w0 at 1/e).  
 
3.2.2.1. Optical resolution 
 
The LAPS-Macroscope for high throughput alloy investigation is shown in 
detail in 2.2.2.. The minimum resolution that can be applied depends mainly on 
the optical spot size at the sample (as shown in Chapter 3.2.1.1.). Therefore, 
the photocurrent was again analysed at an absorption edge of different metal 
thicknesses (same procedure as in Chapter 3.2.1.1.). For that reason, a second 
metal layer was deposited via a shadow mask over the formerly deposited 
palladium gate. Afterwards, the laser was scanned over the absorption edge 
with front-side illumination. The variation of the Z position was done manually by 
lifting the sample holder in defined steps. The result is shown in Figure 65.  
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Figure 65 Results of the variation of the Z position at the LAPS-Macroscope for characterisation 
of the optical resolution at an absorption edge of different metal thicknesses. 
 
As can be seen the optical resolution was estimated to 27 µm (w0). That is close 
to the expected value of 15 µm (w0). The difference can be explained by the 
diffuse metal edge formed by sputtering at the edges of the shadow mask. In 
fact, the diffuse metal area was estimated later on by SEM to values of ~15 µm. 
Therefore, the optical spot size is enlarged and assumed to be in the range of 
the expected 15 µm (w0). After focusing, the Z position was fixed and kept 
constant for all measurements. To account for the possible shadow effects at 
the edge of alloy samples, the measured gate area was reduced to values of 
23x23 mm². Hence, a maximum of ~590,000 data points can be generated with 
an optically illuminated area of 30 µm (2*w0). By assuming 100 ms 
measurement time for each data point, a simple constant voltage scan would 
take more than 17 h. Therefore, a compromise had to be found. As can be seen 
in Figure 66, a smiley structure was scanned once with a resolution of 100 µm 
for an overview. For an interesting area, a more detailed scan can be applied as 
for the right smiley eye shown in Figure 66. Hence, areas of interests can be 
zoomed into, making higher resolution measurements possible.  
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Figure 66 LAPS scan of a gold smiley structure deposited on top of a palladium gate structured 
by a shadow mask, measured in inversion at -1 V and with a resolution of 100 µm. The right eye 
of the smiley was scanned again with a higher resolution of 20 µm. 
 
The total LAPS resolution depends as stated in chapter 1.2.2. on the 
optical spot size and the diffusion length of minority charge carriers. In general, 
the LAPS-Macroscope is able to analyse much more data points and therefore, 
different alloys with a high resolution LAPS substrate. Assuming that the optical 
resolution of 15 µm represents the total LAPS resolution, ~590,000 
measurement points can be analysed. Furthermore, by presuming nickel 
concentration changes of 1 atom% per mm (typical value estimated in Chapter 
3.1.1.), an alloy difference of 0.03% can be distinguished. By assuming best 
LAPS resolution values of 0.8 µm with SOS substrates [24] and other available 
positioning systems with optical resolutions of 0.6 µm [136], up to 6.7x107 
different measurement points with alloy differences of 0.0028% can be 
investigated6.  
 
3.2.2.2. Signal generation 
 
It is known that hydrogen shifts the CV curve into negative direction [9]. 
The same shift is measureable at the IV curves at each position (Figure 67). 
Therefore, a software-based feedback controller is used to keep the 
                                            
6
 Both resolutions are measured as the decay of photocurrent or light intensity from maximum to 
values of 1/e. Hence, both reflected the radius. For estimation, only the measurement spot 
diameter can be considered. Therefore, the minimum LAPS spot size is 2x0.6 µm+2x0.8 µm = 
2.8 µm. 
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photocurrent constant, by adjusting the gate voltage for each measurement 
point. The constant current mode is able to adjust the correct voltage for a 
desired photocurrent at a single data point within 1.6 s (a more detailed 
description of the feedback controller is given in Appendix A).  
As a result, the alloy investigations take ~16 min for a complete gate 
area scan with 25x25 points. Hence, 625 different alloys can be investigated for 
their voltage shift within 16 min. Higher resolutions can be applied by zooming 
to areas of interests, keeping the number of measurement points and therefore, 
the measurement time constant. 
 
Figure 67 Shift (ΔE) of the photocurrent-voltage curve for 1,000 ppm hydrogen and air at a 
palladium gate LAPS sensor. 
 
Figure 68a and b present the results of a constant current measurement 
for an alloy sample in air and 1,000 ppm hydrogen. As can be seen the 
distribution of the adjusted voltage for the sample is inhomogeneous and differs 
from sample to sample. For example in Figure 68a, a voltage difference of 
~350 mV is measured across the sample in air whereas, for other samples up 
to ~1 V were measured. The origin for such differences can be related to 
following reasons: First, the alloy metals used exhibit different work functions. 
Therefore, a ternary alloy with a gradient in concentration would show 
composition dependent shifts of the IV curves. On the other hand, for the 
investigated ternary alloy system Pd/Ni/Co, the differences in work function are 
rather small (pure metal work functions are Pd 5 eV, Ni 5.15 eV and Co 5 eV 
[137, 138]). The work function difference of the gate metal causes a linear shift  
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Figure 68 Results of constant current scans of the LAPS system for an alloy sample in air and 
in 1,000 ppm. The difference between a and b for each measurement point is the actual voltage 
shift due to the hydrogen concentration c.  
 
of the IV curve [17]. Hence, a maximum change of +150 mV can be expected 
for pure palladium to pure nickel. Therefore, the work function alone cannot 
explain the large voltage differences at the LAPS samples. Furthermore, a 
semiconductor wafer and therefore, large area samples are never free of 
inhomogeneities e.g. different charges at the surfaces or at structure interfaces 
(see Figure 4 and Figure 5). Such inhomogeneities are normally created in the 
layer production process (insulator formation or lanthanum fluoride deposition) 
whereas, unlikely for state of the art high vacuum deposition techniques and the 
simple sample composition. Moreover, the sputtering process can lead to 
different shifts of the IV curve, for example by entrapping of charges within the 
metal alloy, the lanthanum fluoride or the insulator layers. For instance, back 
scattered argon ions from the target can be easily be incorporated within the 
alloy film or (for higher energies) within subjacent layers [139]. In fact, the 
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sputter conditions are different for each position caused by the inhomogeneous 
magnet field, formed by the permanent magnet below the sample (see Figure 
39d and e). In addition, cobalt and nickel are ferromagnetic metals, which will 
further influence the magnetic field. Hence, the magnetic field will shield the 
sample from charge incorporation differently at different positions. It can be 
assumed, that sample areas close to the centre magnet are less affected by 
charge incorporation, due to the higher magnetic field line density.  
All those reasons stated for the IV curve shift can be assumed to be 
constant over the measurement time and therefore, will not influence the 
hydrogen sensitivity. By using the differences of the constant current scans an 
image is created that contains only the hydrogen induced voltage shift at each 
position eliminating semiconductor based inhomogeneities or non-hydrogen 
related surface charges (see Figure 68c).  
As for the later capacitance measurements, a pre-treatment of the freshly 
prepared sensors was necessary to improve the repeatability and to reduce the 
drift (see Chapter 3.3.4.). Therefore, only fresh alloy samples were used and 
treated directly after the sputtering process with three 1,000 ppm hydrogen 
cycles for one hour before measuring different hydrogen concentrations (the 
detailed measurement regime is shown in Appendix B). All alloy samples were 
investigated with the following hydrogen concentrations:  
 
10 ppm - 30 ppm - 100 ppm - 300 ppm - 1,000 ppm 
 
Each concentration was applied for one hour to ensure signals, which are 
stable enough for the 16 min constant current scans. Especially for lower 
concentrations, the potential-forming process takes longer due to slower 
kinetics. Since an automatic concentration and measurement regime was 
applied, each position is measured again after the same time interval. As a 
result of the long-time measurement regime, the small hydrogen concentration 
steps and the subtraction of the hydrogen related potential shifts after a 
constant time, the kinetic influence on the potential difference measured can be 
neglected. 
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3.2.2.3. Data reduction 
 
The number of data points generated is problematic to analyse. The 
constant current scan produces typically 625 data points for each concentration. 
Since five concentration steps are measured at a concentration ramp and each 
ramp is measured four times, each alloy sample measurement generates a 
minimum of 625x24 = 15,000 data points. It is impossible to show the 
concentration dependency of each measurement point or to analyse it 
manually. Therefore, a data reduction procedure was developed. For each 
measurement point and each concentration ramp a fit of the sensor signal was 
applied (see Figure 69). As a result of the fit, two values represent the 
concentration function, the limit of detection and the more important one, the 
slope or the sensitivity per decade. The limit of detection is used as a synonym. 
The real limit of detection requires more concentration steps especially in the 
lower concentration range and is calculated in a different way [140, 141]. The fit 
quality was checked each time by the correlation coefficient R² of the fit and the 
error of the fitted values (Figure 69). 
 
 
 
Figure 69 a) Example of the fit function, which is applied for each of the 625 measurement 
points at the alloy samples for data reduction. The fitted values that characterise the 
concentration dependency are shown. b) Example of the distribution of the correlation 
coefficient R² over an alloy sample. 
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3.2.2.4. Kinetic measurement program 
 
With the LAPS system it is possible to detect the kinetic sensor response at 
different positions. Therefore, a special feedback mode, that is able to adjust 
the potential for a given photocurrent within 0.8 s, was developed (see 
Appendix A and B). Hence, the kinetic response can be followed at nine 
positions on the sample every 7.2 s (see Figure 70a). As can be seen from the 
normalised responses of different positions in Figure 70b, the kinetics is 
different. Higher nickel  concentration (P3 in Figure 70)seemed to slow down 
the kinetic response. In fact the t50 time
7 in Figure 70c further indicates that 
 
 
Figure 70 a) Sensor kinetics followed at nine different positions on an alloy sample for different 
hydrogen concentrations. The insert shows the relative position at the alloy sample labelled are 
areas with higher metal concentration. b) The normalised kinetic response at some 
measurement points for the hydrogen concentration change from 100 ppm to 300 ppm 
hydrogen from a). Measured in the LAPS-Macroscope diffusion cell with sample X. c) Displayed 
is the distribution of the t50 time for the concentration change from 100 ppm to 300 ppm 
hydrogen. Each of the measured t50 times are displayed for the nine positions in a). 
                                            
7
 The kinetic response time for reaching 50% of the hydrogen signal. Due to lesser estimation 
errors the t50 time was analysed instead of the t90 time. 
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higher nickel concentrations lower the response rate. Even though the kinetic 
response can be measured the interpretation of the kinetic data is difficult. As 
stated in Chapter 2.2.2., the measurement chamber volume is ~340 ml which 
has to be exchanged for establishing the new hydrogen concentration. Within 
the chamber, the sample was shielded against direct flow over the gate. The 
flow rate, adjusted by the flow controller, was always 100 ml/min. Hence, a total 
exchange of the gas volume can be expected within ~30 min8. It can further be 
assumed that near the gas inlet the desired new hydrogen concentration was 
reached faster. For the large LAPS samples only diffusion processes can take 
place at the gate, whereas near the gate edges the new concentration will reach 
the desired concentrations faster, compared to centre of the gate. It is therefore 
difficult to distinguish between hydrogen concentration exchange, hydrogen 
diffusion and hydrogen sensor response, especially for faster kinetics. In fact, in 
the poisoning experiments with hydrogen sulphide later on, the gate centre 
responded 60 s to 120 s later than the sample edges. It is therefore possible to 
rather analyse the response rate qualitative than quantitative, whereas, in this 
thesis, the kinetic mode is applied only for logging the sensor behaviour at 
different positions on the sample and for observation of measurement errors. 
3.3. The palladium/hydrogen sensor system 
 
The LAPS alloy measurements are based on the hydrogen sensor 
system, which was already described in Chapter 1.3.2.3.2.. From the sample 
production and from the first LAPS measurement conditions, different questions 
have to be answered. For example, the typical gate size of the palladium-based 
capacitively measured hydrogen sensors was in the range of 5 mm² measured 
with a constant flow of ≥100 ml/min. Due to the small gate size and high flow 
rates, the flow conditions are assumed to be laminar and constant whereas, for 
larger gates, laminar flow over the whole sample is harder to achieve. 
Furthermore, questions related to the change of gate metal from platinum to 
palladium have to be answered. Therefore, the following results are not 
intended to further develop the sensing mechanism of the hydrogen sensor 
                                            
8
 A total replacement of the concentration can be expected when the volume is 10 times 
substitute. 
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used, but to show the conditions applied for the LAPS measurements and their 
reliability for further alloy investigations. Therefore, only 
Pd/LaF3/insulator/semiconductor sensors were analysed. The analyses were 
performed with smaller gate samples (2.5 mm in diameter area of ~5 mm² see 
Figure 40) since up to eight sensors can be measured in parallel. Furthermore, 
the eight sensors were produced in a single batch and simultaneously 
measured, giving more statistic reliability than a single sample analysis. 
Therefore, the palladium gate for the eight sensors was produced in one sputter 
process in chamber 1, to ensure equal sputter conditions. The capacitive 
measurement techniques and sample preparation are described in Chapters 
2.1.3. and 2.3.. As explained in 1.3.2.4.2. the sensor system shows oxygen and 
hydrogen sensitivity [117]. Therefore, the oxygen concentration is kept constant 
at 20 vol%. The hydrogen concentration is measured below the lower 
flammable limit of 4 vol% hydrogen in air (up to maximal 30,000 ppm). 
Some of the following results were presented at the International 
Conference on Hydrogen Safety in San Francisco, USA 2011 [142, 143].  
 
3.3.1. Sensitivity 
 
It is known that hydrogen induces a shift of the capacitance voltage curve 
towards more negative values (example shift of an IV curve is shown in Figure 
67). To measure the sensitivity of the hydrogen sensor, different hydrogen 
concentrations were applied while a feedback controller adjusted the gate 
voltage, to keep the capacitance constant. The result is shown in Figure 71. As 
can be seen, there is a logarithmic hydrogen dependency of the signal. The 
lower detection limit is in the range of <1 ppm, whereas the maximum detection 
limit was not investigated due to the precautions of hydrogen handling. The 
sensitivity per decade was typically in the range of 130 mV/decade. According 
to the Nernst equation (equation 14) values of ≤59 mV/n (where n is the number 
of involved electrons) were expected. The difference clearly indicates that the 
process is not a simple thermodynamic Nernst behaviour. It is expected that the 
oxygen reduction and the hydrogen oxidation are coupled forming a mixed 
potential. The actual potential is formed due to the kinetic and equilibrium of 
108 
 
both reactions. From earlier oxygen sensitivity experiments at similar sensor 
structures, it is known that the reaction takes place at the three-phase boundary 
of ion conductor-metal-air [111]. Therefore, it can be assumed that the 
hydrogen reaction takes place at the same place.  
 
Figure 71 Hydrogen sensitivity of the palladium gate capacitive sensors system, measured at 
flow rates of 100 ml/min with counter-based measurement cell (ICM7555 timer-based), 5x5 mm
2
 
n-silicon samples and a gate Pd area of 4.9 mm
2
 in dry synthetic air. The mean values of 16 
sensors for different hydrogen concentrations are shown.  
 
Furthermore, the logarithmic hydrogen dependency indicates a sensing 
mechanism that is not directly linked to the solubility of hydrogen in palladium. 
The partial pressure of hydrogen and the solubility of hydrogen in metals are 
correlated via Sievert’s law in a square root dependency (equation 11). 
Additionally, it is known that oxygen can reach the lanthanum fluoride-
palladium-interface. Therefore, it can be assumed that the palladium film is 
porous enough that oxygen and hydrogen can reach the interface without 
diffusion through the metal. In fact, oxygen diffusion through palladium is very 
low compared to the hydrogen diffusion coefficient  
(~4x10-7 cm2/s at 293 K [144]). For 1100 K, values of ~2x10-15 cm2/s are 
reported for oxygen, whereas the diffusion rate drastically decreases with 
temperature and can be assumed to be much smaller at 293 K [145]. Further 
evidence for a porous palladium structure is the sputtering conditions, which 
belong to Zone 1 of Thornton’s zone structure model [132]. As demonstrated in 
Chapter 3.1.3., the alloy layer and thus the palladium layer is porous (see 
Figure 49). As a result, it can be assumed that the metal film of the sensor 
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structure is porous enough that oxygen and hydrogen are present at the three-
phase boundary. The point of reaction is not yet revealed, whereas strong 
indications point towards the three phase boundary. 
 
3.3.2. Kinetic behaviour 
 
The sensor kinetics of the hydrogen sensor is dissimilar for different 
hydrogen concentrations. As indicated in Figure 72 for lower hydrogen 
concentrations, the t90 response time
9 is much longer than for higher hydrogen 
concentrations. Such behaviour indicates that there is no other equilibrium or 
diffusion process prior to the hydrogen reaction. Therefore, the equilibrating 
time for lower hydrogen concentrations <1,000 ppm was set to at least 1 h, 
whereas for higher hydrogen concentrations shorter equilibrating times can be 
used.  
 
Figure 72 a) Voltage shift of the sensors for different hydrogen concentrations and b) their t90 
time. Eight samples were measured in parallel with the ICM7555 timer-based measurement 
setup at flow rates of 100 ml/min. 
3.3.3. Ageing 
 
From Pt/LaF3 oxygen sensor investigations, it was known that the 
response time changes with the age of the sensor [111, 116]. Freshly prepared 
samples showed fast response towards oxygen concentration changes, 
whereas aged samples (older than three days) showed a significant increase of 
the response time. With a short heat treatment in air the sensor could be 
                                            
9
 Time to receive 90% of the maximal response signal. 
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reactivated to fast response times. Such behaviour was expected for the 
hydrogen response as well. Therefore, the sensor response was characterised 
with the fresh samples, after ten days storage in air and again after three 30 s 
heat pulses of 170 °C on a hot plate (see Figure 73).  
 
Figure 73 Response for 100 ppm in synthetic air of capacitance sensors with a freshly prepared 
palladium gate, the same sensor after 10 days storage in air and the sensor again after 
activation with three 30 s heat pulses of 170 °C on a hot plate. Eight samples were measured in 
parallel with the ICM7555 timer-based measurement setup at flow rates of 100 ml/min. 
 
As can be seen in Figure 73, the signal height is not affected by ageing, 
only the kinetic response is reduced. As for the Pt/LaF3 oxygen sensor three 
different sensor states can be distinguished: A freshly prepared sample shows a 
fast hydrogen response, whereas an aged sample is significantly slower. With 
short heat impulses the sensor is reactivated to a fast hydrogen response 
again. Further investigation showed that the sensor could be activated even 
after one year of storage at air. Therefore, as for the Pt/LaF3 oxygen sensor, it 
is possible to reactivate the palladium sensor system even after long-term 
storage. 
The origin of the ageing process of the Pt/LaF3 oxygen sensor is not 
completely understood. First analyses were performed by Krause et al. [111, 
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114-116, 146]. Three main processes were related to the ageing and 
reactivation at the Pt/LaF3 oxygen sensor: First, it was shown with XPS that the 
oxide species ratio changed at the lanthanum fluoride layer with ageing and 
after the heating procedure. Hence, an increase of peroxide ions O2
2- was 
related to the slow oxygen response. Second, the platinum film was supposed 
to be porous and the ratio of platinum and lanthanum fluoride (at thin platinum 
layers of 0.1-0.5 nm) changed after heating. Therefore, a widening after heating 
and shrinking at room temperature of void structures of the platinum film was 
assumed. Third, from mass spectroscopic coupled thermogravimetry analysis, a 
formation of hydrated carbonate at the lanthanum fluoride was related to the 
sensor ageing. For temperatures above 120 °C, a loss of carbon dioxide was 
observed simultaneously with the dehydration of hydrated carbonates. Since 
oxygen and hydrogen sensitivities are related to each other, it can be assumed 
that reduced oxygen kinetics also reduces the hydrogen response. 
Furthermore, all three processes are likely to happen at sensors with lanthanum 
fluoride solid electrolytes and palladium (-alloy) gates. 
Since potentiometric, mixed potential sensors often suffer from drift and 
changes of the sensor response by ageing [100], an experiment was arranged 
to analyse the long term-stability of the hydrogen/palladium sensors system 
while reactivating the sensor over and over again in a stress test. Therefore, 
one cycle consists of a heat pulse to reactivate the sensor, of a 50 min cooling 
time and of the exposure to hydrogen. Those cycles were repeated 330 times in 
14 days (see Figure 74). 
As can be seen in Figure 74, the hydrogen signal is stable with a 
standard deviation of 8 mV and the sensor response time remained constant 
over the 330 measurements. Hence, it was possible to retain the sensor in an 
active state for at least 14 days. Other experiments showed that one activation 
per day is enough to keep the sensor in an active state over a period of one 
month. 
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Figure 74 Stress test of a palladium gate capacitance sensor. For the measurement, the sensor 
was activated 330 times, cooled down and measured at 8,000 ppm hydrogen. a) The sensor 
response after different activating steps for 8,000 ppm hydrogen. b) The sensor signal heights 
for all measurements. The insert shows the sensor response for one cycle. The samples were 
measured with the ICM7555 timer-based measurement setup at flow rates of 100 ml/min. 
 
Even though the activation procedure is reliable for pure palladium 
sensors it cannot be used for alloy samples. The activation temperature differs 
for each metal. First investigations showed that Pd/LaF3 hydrogen sensors can 
be activated at temperatures around 170 °C, whereas for the Pt/LaF3 oxygen 
sensor, higher temperatures are needed [111, 116]. Consequently, for different 
palladium alloys different activation temperatures can be assumed. It is an 
interesting future task to investigate different activation temperatures at alloys 
gates. Other reasons why no aged and reactivated sensors are used are related 
to a possible segregation of the alloy at higher temperatures and a possible 
oxidation of the less noble metals. Hence, only freshly prepared sensors are 
used for the later LAPS alloy investigations. Therefore, the sensors were placed 
directly into the measurement chamber after preparation and leaving the 
vacuum process10. Once the sensors were analysed with the LAPS system no 
further investigation was carried out.  
3.3.4. Sensor pre-treatment and drift 
 
From the hydrogen investigations of fresh palladium gate samples, a drift 
of the base line in air was recognised (see Figure 75b). As can been seen in 
                                            
10
 It always took less than 30 min for the sample between leaving the vacuum process and 
starting the LAPS measurement. 
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Figure 75a the drift decreases to a value of 1 mV/h within the first 30,000 s. 
Investigations showed that for the highest sensor drift the actual hydrogen 
signal suffered from poor repeatability. That can be related to the unfinished 
drift of the base line, which can indicate unstable equilibrium conditions at the 
surface. From many hydrogen-metal-systems investigated, hydrogen drift, 
hysteresis and effects related to the history of the sample are known [66, 68, 
73, 87]. An often used compensation of such behaviour is a cycling procedure 
with hydrogen for conditioning the sensor structure. Therefore, a cycle between 
synthetic air and 1,000 ppm hydrogen was applied to the freshly prepared 
samples within the first 30,000 s. After the cycling procedure, the sensor signal 
and base line drifts were minimised. 
 
Figure 75 a) Sensor signal and drift of freshly prepared palladium gate capacitance sensors in 
air only. Marked in red is the time span with higher and green with lower drift. b) Behaviour of 
freshly prepared sensor for different hydrogen concentrations in air. Again marked in red and 
green is the area with higher and lower drift, respectively. Eight samples were measured in 
parallel with the ICM7555 timer-based measurement setup at flow rates of 100 ml/min. 
 
3.3.5. Influence of the gate thickness 
 
The metals for the alloy measurement were deposited by a single sputter 
target at a given sputter power. It is known that different metals give different 
sputter rates at same sputter powers. From earlier analysis, a thickness 
gradient for the alloy samples was found (see Chapter 3.1.2.). Therefore, 
different thicknesses of the palladium gate were produced and the relevant 
thickness range was investigated (see Figure 76). 
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Figure 76 a) Sensor signals of palladium gate capacitance sensors for 1,000 ppm hydrogen at 
different gate thicknesses. b) Sensitivity of the sensors at different Pd thicknesses. Eight fresh 
samples per gate thickness were measured in parallel with the ICM7555 timer-based 
measurement setup at flow rates of 100 ml/min. 
 
As can be seen in Figure 76, the sensor signal height and sensitivity 
decreased with increasing palladium gate thickness. Alloy sample thicknesses 
of 34 nm-108 nm were measured (see Chapter 3.1.2.). In that range the 
1,000 ppm signal decreases by about 30 mV. The hydrogen sensitivity 
decreased recognisably for values above 100 nm. Within the expected 
thickness range of the alloy samples between 34 nm and 108 nm a sensitivity 
change of 10 mV/decade can therefore be expected.  
The origin of the gate thickness influence may be related to blocked 
diffusion pathways for oxygen. The measureable potential shift is related to 
equilibrium kinetics between hydrogen and oxygen reaction at the three-phase-
boundary. If one or both of the reactants are hindered in diffusion towards the 
three-phase-boundary, the equilibrium state is changed and hence, the potential 
formation. Since hydrogen can diffuse even through dense palladium single 
crystal films, it is more likely that oxygen is hindered. As stated in Chapter 
1.3.2.4.1. for MIS hydrogen sensors, if all oxygen diffusion is blocked, only 
surface oxygen atoms are supposed to be included in the mechanism. Hence, 
even if no oxygen can diffuse towards the three-phase-boundary, the sensor 
should show hydrogen sensitivity. In fact, Åbom et al. could show that the 
hydrogen sensitivity of 20 nm platinum gate MIS hydrogen sensors depends 
strong on the crystallisation and adhesion grade [109]. For higher platinum 
crystallisation grades and denser films, lower hydrogen signals could be 
detected. By assuming denser films for thicker palladium films similar results 
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can be reported here. An increase of the palladium gate thickness reduces the 
hydrogen signal and the sensitivity. Hence, the sensor behaviour with regards 
to the gate thickness has to be controlled in the later alloy LAPS 
measurements. 
 
3.3.6. Flow influence 
 
It is known that many gas sensors show a connection between the gas 
flow rate and the sensor signal [147, 148]. Therefore, the influence of different 
gas flow rates was analysed with different hydrogen concentrations to estimate 
influence on the sensitivity behaviour (Figure 77).  
 
Figure 77 a) Sensor signals of palladium gate capacitance sensors for 1,000 ppm hydrogen 
with different gas flows. b) Hydrogen sensitivity change with the applied gas flow. Eight fresh 
samples were measured in parallel with the ICM7555 timer-based measurement setup. 
 
As can be seen in Figure 77a, the sensor signal for 1,000 ppm hydrogen 
and the sensitivity increases with the flow rate at the gate. The origin of such 
behaviour is unknown but may be related to a shift of the kinetics of the 
hydrogen oxidation, the oxygen reduction or both. It is known that mixed 
potential sensors are affected by many surface properties [100]. If the flow 
situation at the gate is changed, the diffusion situation can be changed too. That 
can influence the kinetic equilibrium processes and therefore, influences the 
hydrogen sensitivity. Furthermore, it is known that palladium catalyses the water 
formation. Water is part of the suspected hydrogen sensing mechanism and 
responsible for the reduction of available binding sites for hydrogen (see 
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Chapter 1.3.2.4.2. equation 20-23). It can furthermore be assumed, that a 
constant flow of dry gases can remove the produced water, making more 
binding sides available for the hydrogen interaction. As a result, higher flow 
rates can remove more of the produced water increasing the hydrogen 
sensitivity. Winquest et al. revealed another flow rate influence at larger gate 
samples analysed with LAPS [149]. They observed different 2D hydrogen 
response patterns for 10x10 mm2 palladium MIS structures, depending on the 
flow direction. They related the differences to the fast consumption of hydrogen 
and water formation at the palladium surface. Hence, different hydrogen 
concentrations are present, depending of the distance towards the gas inlet. It 
has to be mentioned that the experiments were performed at 150 °C and lower 
influences can be expected for room temperature.  
To avoid the effects of the flow rate described above, it was decided to 
eliminate different flow rates in the alloy measurement chamber. Since the 
establishing of a homogeneous laminar flow is difficult, a diffusion chamber was 
designed. Within a sealed outer chamber of 480 ml, the gas was applied to the 
sample. A continuous gas flow of 100 ml/min assured a constant hydrogen 
concentration within the chamber. 
 
3.3.7. Humidity influence 
 
Most hydrogen sensors are affected by humidity changes [89, 150, 151]. 
From earlier investigations of the oxygen sensitivity of Pt/LaF3/Si structures 
humidity influences are known. As stated in Chapter 3.3.6., the sensing 
mechanism proposed incorporates water formation and should therefore be 
affected by the humidity. Therefore, the hydrogen response of the sensor was 
analysed at different humidities. For that purpose different humidities were 
created by mixing dry with humidified11 test gases.  
                                            
11
 A relative humidity of 100% was established by bubbling the test gases through purified 
water. 
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Figure 78 a) Sensor signal of palladium gate capacitance sensors for 1,000 ppm hydrogen at 
different relative humidity. b) Humidity influence of the hydrogen sensitivity. Eight fresh samples 
were measured in parallel with the ICM7555 timer-based measurement setup at flow rates of 
100 ml/min. 
 
As can be seen from Figure 78, the humidity reduced the hydrogen 
sensitivity. As stated in Chapter 3.3.6., water is suspected to reduce the number 
of available hydrogen binding sites and hence to reduce the hydrogen 
sensitivity. As a result, it was decided to use dry synthetic air for the alloy LAPS 
analysis for different reasons. First, the number of possible adjustable 
parameters is large enough and second, the signal to noise ratio is better for 
higher sensitivity values.  
From the capacitance-based palladium gate hydrogen sensor 
investigated, different conclusions were drawn for the alloy LAPS 
measurements. They are summarized here again: 
1) Aging and reactivation 
Different sensor states are known for the hydrogen sensors. The only 
practicable for the alloy samples is the freshly prepared sensor state. 
2) Gate thickness influence 
The hydrogen sensitivity is affected by the gate thickness. Within the 
expected thickness range a sensitivity change of 10 mV/decade was 
measured. Therefore, the alloy sample thickness has to be included 
in the analysis. 
3) Flow influence 
To circumvent different flow situations, a measurement chamber was 
designed to prevent any flow at the sensors surface. Hence, the 
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hydrogen has to diffuse to the sensor surface. A slight overpressure 
ensures stable hydrogen concentrations. 
4) Humidity influence 
The sensor signal is affected by humidity. Therefore, all alloy LAPS 
measurements are performed with dry synthetic air. 
 
3.3.8. LAPS-Macroscope investigation with pure palladium samples 
 
After the characterisation of the hydrogen sensor, the quality of the LAPS 
system was analysed with pure palladium gate samples. Therefore, samples 
were produced and measured with the same procedure used for alloy samples 
later on. Consequently, the alloy target in chamber 2 was changed to a single 
palladium target, without changing the position or distance to the substrate.  
With the LAPS-Macroscope, the hydrogen sensitivity was measured at 
625 positions and four cycles of five hydrogen concentrations (see an example 
in Appendix B). As can be seen from the signal histogram each applied 
hydrogen concentration is within a 40 mV range (see Figure 79), indicating that 
different responses to hydrogen exist at a pure palladium sample. It can be 
supposed that the palladium sputter target in chamber 2 produces similar 
thickness differences as measured for the alloy target (see Chapter 3.1.2.). 
Therefore, the 
 
Figure 79 Sensor signal distribution of a pure gate palladium sample for different hydrogen 
concentrations as indicated. The histogram was performed for a bin depth of 1 mV. 
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sample was analysed with the LAPS-Macroscope with front-side illumination to 
estimate the thickness gradient with the light absorption technique (same 
procedure as in Chapter 3.1.2.). For alloy samples, a thickness factor of 3.6 was 
estimated, for the palladium sample only 3.2 (see Figure 80b). The smaller 
difference is in the expected range of thickness gradients between 3.2 and 4.5 
(see Figure 48). To further analyse the origin of the 40 mV differences in 
hydrogen response, the sensitivity was fitted for each measurement point on the 
sample (see Chapter 3.2.2.3.). 
As can be seen in Figure 80a the hydrogen sensitivity is not 
homogeneously distributed over the sample. A total sensitivity change of 
15 mV/decade was observed. Different areas can be distinguished, areas with 
higher sensitivities at the bottom (Y<8 mm with sensitivities >132 mV/decade) 
and areas with lower sensitivities at the upper sample edge (Y>8 mm with 
sensitivities < 132 mV/decade). By comparing the hydrogen sensitivity and the 
thickness distribution of the sample similarities and discrepancies are visible. 
Areas with a lower palladium gate thickness (thickness coefficient <1.9) show 
an increased sensitivity towards hydrogen. On the other hand, it can be 
expected that the thickest gate area (see the red area in the upper left corner in 
Figure 80a) shows the lowest sensitivity. In contrast to the expected results, the 
lowest hydrogen sensitivity is measured in the middle of the sample. It can be 
stated that a rather poor correlation of the sensitivity and thickness distribution 
 
Figure 80 a) Hydrogen sensitivity between 10 ppm and 1,000 ppm as fitted for 625 
measurement points. Measured with LAPS-Macroscope and back-side illumination b) Thickness 
distribution of the same sample estimated with LAPS measurements with front-side illumination. 
At the lower left and upper right corner areas of the gate contacts are visible. 
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is visible. To further analyse the thickness influence towards the hydrogen 
sensitivity, the fitted sensitivity values were plotted against the thickness 
coefficients for all measurement points (see Figure 81a). 
 
 
Figure 81 a) Hydrogen sensitivity for the calculated thickness coefficient, indicating the 
sensitivity change for the palladium gate thickness. Indicated are the fitted line curve (black) and 
the standard deviation interval (red, calculated from the line fit differences). b) Histogram of the 
differences in measurement data to the line fit in a) with a Gaussian fit. The arrow indicates the 
standard deviation of ±3 mV. 
 
As can be seen in Figure 81a, the hydrogen sensitivity changes with the 
thickness coefficient. Due to the electric contact areas in Figure 80b the data 
has to be reduced. Therefore, only thickness coefficients up to 2.6 are 
presented in Figure 81. At first, no distinct correlation between hydrogen 
sensitivity and the estimated thickness is found due to high noise whereas, as 
stated earlier thicker gate areas should reduce the hydrogen sensitivity. The 
origin of such uncertain may be linked to the fitting error. Due to the hydrogen 
sensitivity fitting an error of ±3 mV is estimated. By assuming a simple linear 
relation between thickness and sensitivity and by including the hydrogen 
sensitivity-fit error a more reliable correlation is found. The difference of the 
sensitivity values towards the line fit is shown in Figure 81b, indicating standard 
deviation of ±3 mV, which is in the expected range. Hence, it can be stated that 
the hydrogen sensitivity changes with the gate thickness. The uncertainty of the 
data prohibits distinct conclusions about the hydrogen-sensitivity change per 
gate-thickness change whereas, the total sensitivity change of 10 mV/decade 
found is comparable to the palladium gate thickness influence measured earlier 
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(see Chapter 3.3.5.). As a result, such small hydrogen-sensitivity differences 
are problematic to analyse due to the high noise of ±3 mV. 
Hence, it was shown that sensitivity difference produced by the gate 
thickness variation can be analysed with the LAPS-Macroscope. Accordingly, it 
was shown that large gate samples can be analysed with the LAPS-
Macroscope.  
 
3.4. LAPS palladium/nickel/cobalt alloy investigations 
 
After proof of reliability of the LAPS-Macroscope at palladium gate 
samples, alloy samples were investigated. Therefore, samples with nickel 
concentrations between 4 atom% and 24 atom% and cobalt concentrations 
between 1 atom% and 5 atom% were chosen. Early results using a different 
measurement cell with active flow at the alloy gate and a different alloy 
configuration were published as a proof of principle [152]. As stated in Chapter 
3.3.6., the gas flow influences the hydrogen signal and the sensitivity. Therefore 
these early results are not comparable with the results presented here. Some of 
the following results were presented at the Queen Mary University SEMS 
Graduate Research Show [153]. 
 
3.4.1. Hydrogen sensitivity measurements 
 
As stated earlier, PdxNiyCo1-x-y alloys were produced by co-sputtering of 
different pure metals arranged on a single sputter target. A continuous gradient 
for the metal concentration change across the sample has been proven in 
Chapter 3.1.. To analyse the influence of the alloy composition on the hydrogen 
sensitivity, four cycles of hydrogen concentrations between 10 ppm and 
1,000 ppm were applied (see Appendix B). With the LAPS-Macroscope the 
hydrogen shift of the IV curve was measured at 625 points on the sample (see 
Figure 82). 
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Figure 82 Sensor response for different hydrogen concentrations measured at an alloy sample 
with nickel and cobalt concentrations between 5 atom% and 20 atom% as well as 3.2 atom% 
and 5.4 atom%, respectively. The sensor responses to different hydrogen concentrations with 
respect to each base value in air are shown (measured at sample XIV). The areas with higher 
metal concentration are indicated in the 10 ppm figure. 
 
As can be seen from Figure 82, a gradient in the hydrogen response is 
visible. The highest response is measured in areas with the minimum nickel 
content and vice versa. Hence, different hydrogen sensitivities could be 
expected depending on the alloy composition. This was proven by fitting the 
hydrogen sensitivity for each of the measurement points (see Figure 83).  
 
Figure 83 a) Sensor response for different hydrogen concentrations at the sample corners as 
indicated in b). b) Hydrogen sensitivity distribution, the areas with higher content of each of the 
metals marked are (measured at sample XIV). 
123 
 
 
The dependence of the hydrogen sensitivity (measured with the LAPS-
Macroscope) on the alloy composition (estimated by EDX) lead to further 
avenues of investigation (see Appendix C for the alignment procedure). 
Therefore, for each position measured with the LAPS-Macroscope, the 
concentrations of nickel, cobalt and palladium for the alloy composition as well 
as silicon for the thickness distribution were estimated (see Chapter 3.1.2.). 
From those estimates, the hydrogen sensitivity can be correlated with the alloy 
composition and the thickness coefficient.  
 
Figure 84 Hydrogen sensitivity for different nickel a) and cobalt b) concentrations within the 
ternary PdxNiyCo1-x-y alloy system (measured at sample XIV). 
 
As can be seen from Figure 84, within the investigated concentration 
range, nickel showed the strongest influence on the hydrogen sensitivity. With a 
rising nickel concentration the sensitivity on hydrogen was reduced. Sensitivity 
changes up to 60 mV/decade were found (see also Figure 86). Thereby, the 
sensitivity declines monotonic with a rising nickel concentration following a 
simple exponential decay function. For the cobalt concentration, no correlation 
was found mainly due to the in general lower concentration change. The cobalt 
concentration in Figure 84 varied between 3.7 atom% and 5.3 atom% and was 
much lower than for the nickel concentration. Such low cobalt concentrations 
were hard to analyse with EDX, even with long integration times (>10 min). As a 
result, the cobalt-EDX results are near the EDX spectrum background 
(bremstrahlung). Hence, larger errors can be assumed for the cobalt 
concentration estimate. A further analysis of the single-metal/sensitivity 
124 
 
correlation is problematic because of the ternary alloy composition. Even 
though nickel concentration showed an exponential decay sensitivity-
correlation, for each nickel concentration, a (slight) cobalt concentration change 
can be assumed. Therefore, a simple sensitive fitting of only one metal is 
inadequate for a ternary alloy system.  
 
Figure 85 a) Hydrogen sensitivity for different nickel and cobalt concentrations within the 
ternary PdxNiyCo1-x-y alloy system. b) Limit of detection for hydrogen calculated from fitting the 
sensor response for different hydrogen concentrations (see also Figure 69a) c) The not 
equidistance data room of the alloy concentrations in a) and b) (measured at sample XIV). 
 
As mentioned before, displaying the data as shown in Figure 84 is 
problematic since with sensitivity, nickel concentration, cobalt concentration and 
furthermore the thickness influences a four-dimensional data room is generated. 
By displaying only two of them, other influences are not recognisable. Hence, 
the sensitivity and the calculated hydrogen limit of detection can be displayed 
for the nickel and cobalt concentrations. 
As can be seen in Figure 85a, the sensitivity is mainly affected by nickel 
within the investigated concentration range. This is recognisable by the colour 
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change along the abscissa and the nearly constant colours along the ordinate. 
The hydrogen limit of detection was determined by fitting (Figure 69a). Higher 
nickel concentration lead to higher detection limits, as can be recognised. Since 
the data presented is not equidistance the data points are presented in Figure 
85c. 
 
Figure 86 Hydrogen a) sensitivities and b) limits of detection for different nickel concentrations 
and thickness coefficients at a ternary PdxNiyCo1-x-y alloy system. The thickness coefficient was 
estimated with the EDX silicon data (see chapter 3.1.2.). Higher thickness coefficient values 
indicating thinner alloy films, c) shows the non-equidistant data room of the alloy concentrations 
in a) and b) (measured at sample X). 
 
The thickness influence towards the hydrogen response can be analysed 
by aligning the EDX data of silicon with the position-depending hydrogen 
sensitivity. The hydrogen sensitivity versus the thickness coefficient and nickel 
concentration is shown in Figure 86. 
As can be perceived from Figure 86, no correlation for the thickness can 
be found, even though equal thickness coefficients were measured as for the 
126 
 
pure palladium LAPS samples. Hence, the behaviour is in contradiction to 
samples with pure palladium. For the pure palladium LAPS sample a sensitivity 
change of 10 mV/decade was measured at the whole sample area (see Figure 
82). Such a small gate-thickness hydrogen-sensitivity change could be 
analysed since no other process is supposed to influence the hydrogen 
sensitivity. The nickel-based hydrogen sensitivity shift is ~60 mV/decade for the 
nickel concentration range investigated. Therefore, at the alloy samples the 
nickel influence is much more pronounced. It can be assumed that even at the 
alloy samples, a gate thickness influence is present although, due to the fitting 
error of ±3 mV/decade and the alloy influence more problematic to determine. 
The sensitivity change at a given thickness coefficient is smaller than 
9 mV/decade. With the error of ±3 mV/decade such results are statistically not 
significant. Hence, at the alloy samples produced, no thickness influence 
towards the hydrogen sensitivity could be detected. 
 
3.4.1.1. Thickness influence on alloy samples  
 
To further analyse the thickness differences, an alloy sample was 
produced and different areas were thinned down with argon sputtering. 
Afterwards, the sample was measured with four cycles of hydrogen with 
concentrations between 10 ppm and 1,000 ppm. 
Figure 87a shows the zooming option of the LAPS-Macroscope used to 
characterize the smaller area of 16.5x4.5 mm² with a resolution of 0.55 mm in X 
and 0.15 mm in Y direction. Different phenomena can be recognised at the 
constant current scan in Figure 87b. At points where the thickness was lowered 
by argon sputtering, IV-curve shifts of up to 1 V are recognisable. The shift can 
be explained by introducing positive charges by the argon sputtering process. 
The highest shift was measured at position 1, where no current compensation 
was used in contrast to the other positions.  
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Figure 87 a) A section of the whole alloy sample as indicated. At different positions P1-P4 the 
alloy thickness was reduced by re-sputtering. The thickness reductions are indicated and were 
based on pure bulk palladium. b) The image shows a constant current scans in air. c) Hydrogen 
sensitivity distribution for concentrations between 10 ppm and 1,000 ppm. (measured at sample 
XVII) 
 
Regardless, the constant current mode is able to measure the hydrogen 
sensitivity. Thus, it could be proven that the LAPS-Macroscope is robust against 
surface charges. From the fitted sensitivities only small thickness influences of 
5 mV/decade with the surrounding areas were detected. Such values are within 
the range of the fitting error of ~3 mV/decade. Hence, again no significant 
thickness differences could be found. Probably, the possible thickness 
influences on the hydrogen sensitivity are not detectable within the alloy-based 
sensitivity changes.  
It was shown that the LAPS-Macroscope measurement is applicable for 
the analysis of continuous gradient ternary PdXNiYCo1-X-Y alloys. Hence, up to 
625 different alloys were analysed in a single measurement within 16 min. 
Therefore, a high throughput alloy analysis method has been established. A 
good correlation between the estimated alloy composition and the sensitivity to 
hydrogen could be determined. Both, fitted values of hydrogen sensitivities and 
limit of detection, characterise the hydrogen-related sensor response and 
indicate a decrease of the hydrogen response for higher nickel concentrations. 
The reduction of the hydrogen sensitivity was found to decline exponentially 
with increasing nickel concentration. For cobalt, no significant influence could 
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be reported. The reason for the hydrogen sensitivity reduction might be related 
to the decrease of the catalytic activity or to the reduced solubility of hydrogen 
within the alloy. From the analysis of more than 20 samples, it can be stated 
that palladium/nickel alloys are not practicable for a lower concentration 
hydrogen sensor, e.g. for early fire detection12[154]. 
 
3.4.2. Poisoning with hydrogen sulphide 
 
Some results of nickel/palladium alloys showed an improved behaviour 
against poisoning the metal layer with hydrogen sulphide [73, 76]. The task to 
investigate the poisoning influence for the hydrogen sensitivity can easily be 
introduced in the LAPS-Macroscope and measurement regime. At first, the 
hydrogen sensitivity was measured with four hydrogen concentration cycles 
between 10 ppm and 1,000 ppm. Afterwards, the samples were poisoned with 
100 ppm hydrogen sulphide for 30 min. With the kinetic measurement program 
the actual poisoning of up to nine measurement points can be followed. Within 
7.2 s every measurement point is scanned again (see Chapter 3.2.2.4.). The 
hydrogen cycles before and after poisoning are shown in Figure 88. 
 
Figure 88 a) Kinetic behaviour as measured with the LAPS-Macroscope at one single 
measurement point on an alloy LAPS sample. The measurement point belongs to the sample 
centre. b) Kinetic behaviour of the normalised response for 300 ppm hydrogen starting from 
100 ppm hydrogen (measured at sample XXXVIII). 
 
                                            
12
 Fire detection is possible with hydrogen sensors for smouldering fires where hydrogen is 
produced in small quantities. Between 1 ppm and 3 ppm hydrogen were found at distances of 
15 m [149]. 
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As can be seen from Figure 88a, 100 ppm hydrogen sulphide influences 
the sensor response. The hydrogen sulphide signal difference to air is with 
420 mV larger than the 345 mV 1,000 ppm hydrogen signal before poisoning. 
That indicates that the sensor is sensitive to hydrogen sulphide. In fact, 
palladium gate MOS transistors are described in literature for sensing hydrogen 
sulphide [155]. Furthermore, the poisoning changes the base line in air. The 
former base line in air (1.125 V in Figure 88a) is not reached again within the 
measurement time. It is known that hydrogen sulphide chemisorbs on palladium 
surfaces [156]. The desorption of hydrogen sulphide is an endothermic process 
and therefore temperature dependent. The palladium gate sensor described by 
Weixin et al. works at 150 °C for faster desorption of hydrogen sulphide, 
whereas lower temperatures drastically increases the desorption time [155]. It 
can therefore be suspected that surface bound hydrogen sulphide persists 
throughout the measurement, producing a permanent baseline shift. Figure 88b 
shows that the hydrogen sulphide poisoning decreases the hydrogen kinetic 
response. Furthermore, after the hydrogen sulphide poisoning, hydrogen 
concentrations below 30 ppm are not detectable. As a result, the lower 
detection limit for hydrogen is increased after the hydrogen sulphide application. 
The lower detection limit for a single analyte at potentiometric sensors is 
reached when other potential building processes are more pronounced [141]. 
Therefore, it can be assumed that adsorbed hydrogen sulphide is present at the 
active region of the three phase boundary, producing a base line shift and 
reducing the hydrogen kinetic response. 
From previous investigations, it was recognised that applying hydrogen 
concentrations of 1,000 ppm hydrogen and higher after the hydrogen sulphide 
application reduces the poisoning effect. Hence, to analyse the hydrogen 
sulphide influence, only concentrations between 10 ppm and 300 ppm were 
measured after the poisoning procedure. Due to the increased limit of detection 
after poisoning, only hydrogen concentration responses from 30 ppm to 
300 ppm could be used for sensitivity calculations.  
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Figure 89 Hydrogen sensitivity distribution at an alloy LAPS sample measured with the LAPS-
Macroscope. a) before and b) after poisoning the gate with 100 ppm H2S for 30 min. c) 
Hydrogen sensitivity difference between sensitivity after and before poisoning. The non-
equidistant data room of the alloy concentrations in a), b) and c) is shown in Figure 85 
(measured at sample XI). 
 
Figure 89 shows the influence of hydrogen sulphide on the hydrogen 
sensitivity. Nickel decreases the sensitivity before and after hydrogen sulphide 
poisoning, whereas cobalt shows no significance in the investigated 
concentration range. In the nickel concentration range analysed, two areas can 
be distinguished. For nickel concentrations up to 10 atom%, only small 
sensitivity changes are recognisable, while for higher nickel concentrations 
larger poisoning influences were detected. It is known that pure palladium is 
strongly affected by hydrogen sulphide [157-159]. The nickel results obtained 
are indicating that in the range between 0 atom% and 10 atom% nickel, an 
optimum can be suggested. The earliest results from the LAPS-Macroscope 
claimed to have found such an optimum for lower nickel concentrations [152], 
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whereas, with constant non-homogenous flow directly at the gate, other 
measurement conditions were used. As shown in Chapter 3.3.6., the hydrogen 
sensitivity and the signal depend on the flow rate of the test gases. In the earlier 
analyses the test gas was introduced in a chamber over the gate, with a total 
volume of 2.3 ml and with a flow rate of up to 100 ml/min. Hence, a gas flow at 
the gate can be assumed, which is in contrast to the diffusion measurements in 
this thesis. Therefore, the former results are not comparable with the results in 
this thesis. 
The results of the alloy investigations indicate that smaller nickel 
concentrations at palladium alloys are favourable for hydrogen sensors, which 
are operating at conditions where hydrogen sulphide can be expected, e.g. in 
biological fermentation processes. Hence, even though palladium alloys 
containing nickel lower the hydrogen sensitivity, a more constant sensor 
response with nickel concentrations up to 10 atom% can be achieved.  
 
3.4.3. Surface analysis 
 
With the LAPS-Macroscope a new versatile tool was developed for the 
investigation of alloy influences at semiconductor-based chemical sensors. 
Further analyses are possible regarding surface changes, e.g., the oxidation or 
enrichment of sulphide, which can be directly analysed and linked with the 
hydrogen sensitivity change. Therefore, a LAPS-Macroscope sample was 
characterised three times by AES at 25 (5x5) positions. At first, the fresh 
sample was analysed by AES, afterwards the hydrogen sensitivity 
measurements were performed, followed by AES and again, directly after 
poisoning, an AES was performed (Figure 90). The results were presented at 
the 14th European Conference on Applications of Surface and Interface Analysis 
[128].  
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Figure 90 Surface composition determined by AES for a freshly prepared sample, after 
hydrogen sensitivity LAPS measurement and after 100 ppm H2S treatment for 30 min.  
 
As can be seen from Figure 90, the nickel surface concentration 
increases, while the palladium concentration decreases, especially after 
hydrogen exposure. The amount of detected oxygen is stable throughout the 
measurement, whereas twice the oxygen concentration was detected in the 
nickel rich area. Thus, it can be assumed that mainly nickel is oxidised. In this 
sample, the cobalt concentration was very low and not detectable due to 
surface contamination by ambient air. After the sample was exposed to 
100 ppm hydrogen sulphide, up to 24.5 atom% sulphur was detected. The 
sulphur distribution showed that the highest sulphur concentrations were 
detected in areas with smaller nickel concentrations. Such results are 
unexpected since nickel alloys >10 atom% are more affected by hydrogen 
sulphide than alloys with lower nickel concentrations. Even though other 
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measurement conditions were used, similar poisoning results were found in the 
earlier LAPS-Macroscope results [152]. The origin of such behaviour is 
unknown and must be further investigated. 
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4. Conclusions and outlook 
The aim of this thesis has been to develop a lateral analysis method of 
semiconductor-based chemical sensors in the microscopic and macroscopic 
range, which can be deemed as fulfilled. Different tasks were investigated and 
are summarised here. 
The first tasks of this thesis were: the development of two separate LAPS 
systems, designed for two different purposes as well as the development of a 
sputtering system, able to produce ternary alloys with a continuous gradient in 
concentration. The LAPS system for high-resolution measurement was called 
LAPS-Microscope, whereas the second LAPS system was designed for large 
area samples up to 25x25 mm² and therefore called LAPS-Macroscope. The 
LAPS-Macroscope analysis had not been reported in literature before. To 
establish fast positioning across large areas, a mirror system with a special f-
theta lens was introduced for LAPS analysis. Moreover, a sputter process was 
established to produce ternary continuous gradients of PdXNiYCo1-X-Y alloys 
from the pure metals arranged, on a single sputter target. 
The main task for the LAPS-Microscope system was to analyse different 
semiconductors to improve the LAPS resolution. Since the LAPS resolution 
depends on the optical focus spot and the semiconductor properties, both were 
investigated. The focus spot size was estimated at absorption edges of two 
metal thicknesses. For the 405 nm laser diode, an optical resolution of 1.2 µm 
(FWHM) and for the 1064 nm solid-state laser a resolution of 2.1 µm (FWHM) 
can be reported. To improve the semiconductor-based resolution, samples with 
increased recombination rates were designed. It was known that by introducing 
a recombination layer near to the depletion layer, a better LAPS resolution can 
be expected [49]. Therefore, two different approaches were investigated. The 
first approach was based on surface doping by ion implantation (additional 
boron doping up to 1.5x1014 cm-3 on p-silicon) and the second on a highly doped 
substrate (1x1019 cm-3 n-silicon). On both structures, a lower doped epitaxial 
silicon layer was grown. To further improve the semiconductor-based resolution, 
in some samples, carbon was introduced within the epitaxial layer. Carbon 
reduces the band gap and should therefore improve the LAPS resolution. 
Carbon concentrations up to 8x1019 cm-3 were investigated. From the analysis 
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of 18 different semiconductor substrates the best LAPS resolution was 
determined to be 8.1±5 µm. Due to the resolution measurement method, which 
allows an undefined bias situation on the insulator, different phenomena 
occurred, which reduced the reproducibility. Therefore, no clear correlation 
between the resolution and the different doping as well as the layer structures 
was found. Hence, other methods were developed to characterise the LAPS 
resolution based on the electrolyte contact. From these measurements, only 
suggestions of the LAPS resolution could be found. The values of down to 3 µm 
showed that an improvement of the LAPS resolution could be achieved 
compared to bulk silicon with resolutions of several 100 µm [44]. On the other 
hand, values reported in literature show a better resolution of down to 
0.8 µm [24], whereas the reported values indicate, that the leading thought was 
right.  
The LAPS-Macroscope has been designed to analyse different 
continuous concentration gradients of alloys. Therefore, a method was 
developed to produce such continuous gradients of PdXNiYCo1-X-Y alloys by co-
sputtering pure metals arranged in a single sputter source. The deposited alloy 
compositions were mainly determined by EDX. Even though EDX is not 
intended to measure thin films, EDX was used to analyse the alloy bulk. Surface 
analysis was performed by AES and XPS to validate the compositional results 
of the EDX measurements. Ternary thin film palladium alloys with 
concentrations of nickel from 5 atom% to 24 atom% and of cobalt from 1 atom% 
up to 8 atom% were produced. Due to the sputter arrangement a thickness 
gradient was created. With AFM, EDX-based silicon analysis and LAPS 
transmission tests, the thickness coefficient was estimated to be between 3.2 
and 4.5. With SEM pictures a porous structure of the alloy film was revealed 
and further proven by a negative resistance change for higher hydrogen 
concentrations at thin palladium layers. 
For the scaling up to large area, alloy/LaF3/Si3Ni4/SiO2/Si hydrogen 
sensors, a pre-investigation with palladium gate samples was carried out to 
investigate parameters that affect the hydrogen sensitivity such as the gate 
thickness or the flow rate. Palladium gate samples were used to characterise 
such influences. From earlier Pt/LaF3/Si oxygen sensors different sensor states 
such as freshly prepared, aged and reactivated were known. Such states were 
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also found for the Pd/LaF3-based hydrogen sensor system. It was shown that 
the sensor activity and response can be kept stable over a long time by 
periodical thermal activation. For the alloy investigation, only the freshly 
prepared sensor state is practicable and reproducible. Hence, all pre-
investigation were carried out using freshly prepared palladium gate sensors. 
To ensure stable hydrogen sensor signals and to reduce sensor drift, a 
hydrogen-conditioning procedure was developed.  
A palladium gate thickness investigation revealed that at gate 
thicknesses of 10 nm to 100 nm, there was no significant influence on the 
hydrogen sensitivity. Above 100 nm, a reduction of the hydrogen sensitivity can 
be detected. From the thickness estimate of the thin film alloy samples a 
sensitivity change of less than 10 mV/decade could therefore be expected.  
All measurements with palladium gate sensors used a constant flow of 
100 ml/min to ensure a fast hydrogen concentration switching. For large area 
samples, flow differences at the gate can be expected.  
From flow experiments a change in the hydrogen sensitivity was 
recognised. As a result to prevent flow differences, a diffusion cell was designed 
for the large gate alloy samples. Furthermore, a humidity influence on the 
hydrogen sensitivity was discovered, though such influences were prevented by 
the use of dry gases.  
The LAPS-Macroscope was intended to measure alloy influences on the 
hydrogen sensor system. The optical resolution of the LAPS-Macroscope was 
estimated to be ~15 µm (w0). With an optimal semiconductor-based LAPS 
resolution of 0.8 µm and such optical resolution, up to 5.8x105 different 
positions and hence, different alloy compositions can be analysed. Assuming 
alloy composition changes of 1 atom%/mm, which was actually generated for 
nickel with the sputter technique developed, alloy concentration resolutions of 
up to 0.03 atom% can be analysed. Due to the measurement time, typically 625 
measurement points and therefore alloys were analysed within 16 min. Hence, 
the established LAPS-Macroscope system can be declared as high-throughput 
method. 
The LAPS-Macroscope working principle was characterised first with 
large area palladium gate samples. The hydrogen sensitivity measured was in 
the range of the results measured with smaller samples. The small sensitivity 
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differences could furthermore be related to the measured gate thickness. 
Hence, two different techniques showed similar results. Consequently, it was 
proven that the LAPS Macroscope developed can be used to investigate large 
area LAPS samples. 
The ternary alloy system of PdXNiYCo1-x-y was applied to investigate 
alloy-based influences on the known hydrogen sensor system and therefore, to 
show the possibilities of the designed LAPS-Macroscope. A procedure was 
developed to analyse the hydrogen sensitivity data for each measurement 
position. For each measurement point the alloy composition and a fitted 
sensitivity were determined that allowed further analysis. Thus, it could be 
demonstrated that nickel reduced the hydrogen sensitivity by up to 
60 mV/decade between 5 atom% and 24 atom%. The cobalt concentration 
range of 2 atom% to 8 atom% was inflicted with larger errors. Consequently, no 
sensitivity influences of cobalt could be evaluated. The effect of the alloy 
thickness on the hydrogen sensitivity was estimated to be 10 mV/decade. This 
corresponded well to the measured effect of 7 mV/decade. Moreover, the 
influence of the gate thickness on the hydrogen sensitivity was less pronounced 
than the influence of the alloy composition. As a result it can be stated that with 
increasing nickel concentration the sensitivity decreases exponentially. 
With the LAPS-Macroscope, it was also possible to analyse different 
factors that influence the hydrogen sensitivity, e.g. the poisoning by hydrogen 
sulphide. Within the investigated alloy concentration range, only the nickel 
concentration showed a distinct effect on the hydrogen sensitivity before and 
after poisoning. For the nickel concentration, two areas can be distinguished. 
Nickel concentrations above 10 atom% showed a strong reduction of the 
hydrogen sensitivity after poisoning with hydrogen sulphide. Alloy compositions 
with lower nickel content between 5 atom% and 10 atom% kept constant 
hydrogen sensitivities or over-compensated the poisoning. It is well known that 
even small amounts of hydrogen sulphide show strong effects on pure 
palladium. Hence, an optimum of the hydrogen sulphur resistance can be 
expected between pure palladium and palladium alloys containing up to 
10 atom% nickel. 
Further surface alloy analysis revealed a composition change at the 
surface. A depletion of palladium was recognised, whereas the nickel 
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concentration increased. High oxygen content was found in the nickel-rich area 
indicating that mainly nickel was oxidised. It was proven that alloys with lower 
nickel content showed an increasing amount of surface sulphides after 
poisoning with hydrogen sulphide, whereas the hydrogen sensitivity was more 
affected in areas with higher nickel content. Therefore, a negative correlation 
between the sensitivity and sulphide adsorption at the alloy samples was 
observed. Consequently, an indication is revealed that the hydrogen signals 
were not mainly influenced by sulphide adsorption.  
For the first time, it has been demonstrated that ternary alloys with 
continuous gradients in concentrations could be investigated with a continuous 
measurement system. Therefore, each position of the sample can be analysed 
without confinements. The analysis of 625 different alloy compositions within 
16 min belongs to high throughput screening methods. For that reason the 
name Continuous Gradient High-Throughput Screening Macroscope “CG-
HTSM” is suggested for the established system.  
With the established CG-HTSM, catalyst libraries of different materials 
and ternary alloys can be investigated. Therefore, a further task will be to 
analyse palladium- or platinum-based alloys with other alloying metals e.g. 
silver, copper or yttrium. Since the sputter technique produces large thickness 
gradients in thin film alloys, a second sputter system is under construction. 
Therefore, three sputter sources will be used: a 6’’ sputter palladium target and 
two smaller 2’’ sources for the alloying metals. The aim is to reduce the 
thickness influence and to allow higher gradients within the alloy composition. 
Since EDX is not designed to analyse such fabricated thin films, thicker 
samples were produced and analysed. In addition, AES and XPS were used to 
determine the surface compositions.  
Within this thesis, LAPS was for the first time used for transmission 
measurements. In first experiments, a transmission influence of hydrogen was 
found. Hence, the LAPS may also be applied for estimates of hydrogen-based 
α-β phase changes of metals and alloys. Experiments are in progress to 
validate this method.  
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Appendix 
A) Feedback controller 
Hydrogen shifted the whole capacitance-voltage curve or photocurrent-
voltage curve at MIS structures. To measure the shift, a software-based PID 
control algorithm (proportional–integral–derivative controller) adjusted the 
voltage to keep the capacitance or photocurrent at a constant value. Therefore, 
the photocurrent at the maximum slope of the capacitance-voltage or 
photocurrent-voltage curve was measured and set as the control value.  
The PID controller is a feedback controller and need several control 
steps to achieve the right voltage for reaching the control value. The number of 
control steps linearly increases the measurement time, hence the control steps 
have to be kept as small as possible. For each sample the PID values were 
manually adjusted. The PID value with the most influence was “I” that is the 
integral part, which also leads to increased instability and overshooting. After 
four controlling steps the voltage related to the desired control value was 
reached in good approximation, but because of the high integration part the 
value fluctuated around of the real value (see Fig. 1). The standard deviation of 
the last 10 controller steps was in the range of 2 mV - 5 mV.  
To increase the reliability two different sets of PID values were used. A 
set of fast PID values was chosen for the first six controlling steps to reach the 
right voltage range quickly but with some tolerable differences. Slower PID 
values were used for the last controlling steps to exactly reach the desired 
voltage value without overshooting and reduced fluctuation (see Fig. 2). With 
those PID modes the voltage output was stabilised to a standard deviation of <1 
mV (average of 0.565 mV out of 10 measurements). Since no better potential 
resolution than 1 mV can be applied to the gate, no better estimation is 
required. Typically 6 fast and 6 to 9 slow PID controlling steps were needed to 
achieve the desired gate voltage. Therefore, a measurement time of 1.6 s was 
required for a single data point. The output of the measurement for each 
measurement point was the mean value of the last three control steps of the 
output voltage, the standard deviation and the achieved control value.  
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Fig. 1 Overview of feedback controller steps for reaching 40 nA at 0.232 V for different start 
potentials. 
 
Fig. 2 Different methods to reach the desired voltage for 30 nA with the PID method. The black 
curve was produced using a fast PID method for the first five control steps followed by a slow 
PID mode for exact reaching the voltage value without overshooting and variation of the last 
control steps. Red and blue curves are only using the fast PID (red) and slow PID (blue) values 
for comparison. The insert shows the applied gate voltage for the last four controlling steps for 
the combined PID mode and the fast PID mode. 
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B) The kinetic mode 
As stated in Chapter 3.2.2.4., a faster PID controller mode was 
developed for the LAPS-Macroscope to analyse the kinetic response at different 
positions of the samples. Therefore, the number of control steps was reduced to 
one fast PID and seven slow PID controlling steps and each point was 
measured again as fast as possible. Furthermore, for each position the adjusted 
potential was saved from the last iteration and applied as the start potential for 
the next scan. Consequently, the number of measurement points was kept low. 
Typically nine positions were monitored within 7.2 s. 
Fig. 3 shows a typical kinetic scan applied for the hydrogen sensitivity 
estimations at the LAPS-Macroscope system. As stated in chapter 3.3.4., 
hydrogen pulses for one hour were used for conditioning the sensor and to 
stabilise the hydrogen response. For that reason hydrogen concentration of 
1,000 ppm is applied three times for one hour. Afterwards, five hydrogen 
concentration steps from 10 ppm to 1,000 ppm were applied. Each hydrogen 
concentration was applied for one hour before the constant current scan began. 
The concentration ramp from 10 ppm to 1,000 ppm was applied four times. 
 
Fig. 3 Kinetic mode on a scan for analysing the hydrogen sensitivities at two different positions.  
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C) Data alignment 
EDX was used to estimate the alloy compositions. Due to a missing 
automation method and measurement time of 5 min for each data point only 25 
points were measured. With Matlab a 2D interpolation method was used to 
generate the alloy composition for each LAPS measurement point. Fig. 4 shows 
the schematic alignment of hydrogen sensitivity data measured with LAPS and 
EDX data. 
 
Fig. 4 Data point grid for EDX and LAPS-Macroscope measurements on a schematic alloy 
sample. 
 
 
